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ABSTRACT
The effects of a cylindrical contraction, consisting of two half cylinders installed 
next to the side walls of a wind tunnel and a full cylinder in between, on the distortion of 
a turbulent flow were experimentally investigated. The cylinders were 15.2 cm (6 in) in 
diameter and 76.2 cm (30 in) in height installed in a closed loop wind tunnel with a
76.2 cm by 76.2 cm (30 in by 30 in) cross section. Turbulent flow was generated by 
means of a perforated plate situated at the entrance of the wind tunnel. The nominal flow 
velocity was fixed at 5 m/s, 6.5 m/s and 8.5 m/s, resulting in Reynolds numbers of 
12,000, 17,000 and 22,000 based on the diameter of the perforated plate holes 
(d= 3.8 cm). A hot-wire anemometry unit was used to measure both distorted and 
undistorted turbulent flows at a 15.2 cm (6 in) by 15.2 cm square plane. In addition, a 
simple vortex tube model was developed to estimate the behaviour of turbulence during 
distortion. The predicted results of this vortex tube model, along with those of four 
recognized turbulence distortion theories, were compared with some of the 
measurements.
It was found that the mean velocity increased significantly as the flow accelerated 
through the contracting passage created by the cylinders. The stream-wise turbulence was 
attenuated in the vicinity of the half cylinder, while it was amplified close to the full 
cylinder. The amplification of the stream-wise turbulence near the full cylinder became 
more significant as the Reynolds number was increased. The lateral turbulence was 
amplified throughout the measurement plane as the flow was distorted, though the 
magnitude of amplification was not uniform. The amplification of lateral turbulence 
remained approximately unchanged close to the half cylinder, while it was significantly 
promoted in the vicinity of the full cylinder, as the Reynolds number increased. The 
stream-wise Kolmogorov length scale was slightly enlarged during distortion, associated 
with a decrease in the stream-wise dissipation rate. The enlargement of the Kolmogorov 
length scale was most obvious close to the cylinders. The stream-wise integral length 
scales were elongated drastically up to the size of the cylinder, as the flow passed 
between the cylinders. Comparison of the current experimental results with the 
theoretical models indicated a mainly qualitative (but fair) agreement in the region close
iv
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to the half cylinder, while the theories were not in complete quantitative agreement 
themselves. But in the vicinity of the full cylinder, the theoretical models failed to predict 
the effects of distortion.
v
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INTRODUCTION
Turbulence is a prevailing factor in most engineering applications and it 
effectively determines the performance of the unit in which it exists. Since all turbulent 
flows to a certain extent are determined by their initial and boundary conditions, there 
could be no global theory of turbulence, other than the fact that turbulent flows are 
governed by the Navier-Stokes equations [Hunt and Carruthers, 1990]. One of the usual 
phenomena which may occur in a turbulent flow is turbulence distortion. As turbulent 
flow goes through various passages, it may be distorted in a complicated manner due to 
the solid boundaries bounding the flow. It has been known for many years that the 
properties of a turbulent flow can be altered drastically due to distortion of the flow. The 
distortion can significantly alter the turbulence properties such as the Reynolds stresses 
and dissipation rate which in turn influence the evolution and distribution of turbulence 
scales, intensity and energy. These changes affect the overall flow pattern, energy losses 
and heat transfer, significantly influencing the operation of the system in which the 
turbulence exists.
The study on the behaviour of turbulent flow through contractions is of practical 
importance in many aspects. The generation of a wind tunnel flow is always accompanied 
by a certain amount of turbulence, where this turbulence is not desirable for many 
research applications. Accordingly, the tunnel designers attempt to reduce the turbulence 
intensity to the lowest practicable level [Ribner and Tucker, 1953]. The effect of the 
converging entry to a wind tunnel in reducing the stream-wise turbulence velocities of the 
turbulent flow has been well known for many years [Prandtl, 1930]. Consequently, most 
of the modem wind tunnels are designed to have a contraction at the entrance of the 
working section in order to produce a smoother flow with a low level of turbulence. 
Besides, contractions are among the most common piping configurations, e.g. where two 
pipes of different sizes are connected together by a contracting duct [Spencer et al., 
1995]. Another practical situation, in which turbulence is distorted by contraction, 
happens in heat exchangers. As a turbulent flow passes through cylindrical tubes in a heat 
exchanger, the flow is contracted between the cylinders. The contraction leads to 
distortion of the turbulent flow and changes the turbulence properties like turbulence 
intensity, scales and energy. Since turbulence can drastically affect the level of heat
2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
transfer, the alteration of the turbulent flow properties affects the performance of the heat 
exchanger.
Turbulence distortion is not limited to contracting passages. It may also happen as 
a turbulent field is affected by other kinds of strain. Turbulence may be distorted around a 
bluff body subjected to a turbulent flow [Hunt, 1973; Britter et al., 1979, Abdelqary and 
Ray, 1995]. Turbulence may also be subject to distortion in a combustion process. As a 
spark ignited flame is propagating in a turbulent flow field, the turbulent field in the 
vicinity of the growing flame is distorted. Expansion of a propagating flame presents a 
simple and practical situation where the turbulence in the unbumed region around the 
flame is modified significantly by the expansion of the burnt products. The instantaneous 
local turbulent field at the flame front can be very different from that before combustion 
[Chew and Britter, 1992]. This phenomenon drastically influences the properties of 
propagating flames.
The first theoretical step toward the understanding of the turbulence distortion 
phenomenon was established through the work of Prandtl [1933]. Prandtl obtained a 
quantitative estimation of the behaviour of turbulent flow through axisymmetric 
contractions by considering the conservation of energy for vortex filaments in a turbulent 
flow. PrandtPs theory was extended by Taylor [1935], who offered a detailed analytical 
method to predict the behaviour of a turbulent flow as it is rapidly distorted through an 
axisymmetric contraction. Subsequently Batchelor and Proudman [1954] carried out a 
theoretical study in which they used Fourier analysis to offer a more complete and 
realistic turbulence distortion theory. Independently, Ribner and Tucker [1953] used the 
same approach and derived some similar results for the behaviour of turbulent flow 
through axisymmetric contractions. Unlike Batchelor and Proudman’s theory, Ribner and 
Tucker considered the effects of compressibility and therefore their hypothesis could be 
used for turbulent flow at high Mach numbers. Batchelor and Proudman’s turbulence 
distortion theory, which is usually referred to as the classical rapid distortion theory 
(RDT), was extended by many investigators [Pearson, 1959; Hunt, 1973; Sreenivasan and 
Narashima, 1978; Goldstein and Durbin, 1980; Maxey, 1982; Hunt and Carruthers, 1990; 
Durbin and Zeman, 1992; Kevlahan, 1993; Saxena and Hunt, 1993; Kassinos and 
Reynolds, 1995; Nazarenko et al., 1999].
3
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Turbulence distortion has also been the subject of many experimental 
investigations. The very first experimental work on the behaviour of turbulence through 
contractions may be the experiments carried out by Simmons, Townsend and Fage. These 
experiments were mentioned by Taylor [1935] for comparison of the experimental data 
with his turbulence distortion hypothesis. This was followed by many other experimental 
studies in which the focus was usually on the distortion of turbulence through distorting 
ducts [Hall, 1938; Macphail, 1944; Dryden and Schubauer, 1947; Townsend, 1954; 
Uberoi, 1956; Reynolds and Tucker, 1968; Reynolds and Tucker, 1975; Gence and 
Mathieu, 1979; Sreenivasan, 1985; Abdelqary and Ray, 1995; Thoroddsen and Van Atta, 
1995; Lino et al., 2002; Hoang et al., 2003],
In the present work, we mainly focus on the fundamental concept of turbulence 
distortion by experimental study on perforated plate turbulent flow as it is distorted 
between circular cylinders installed in a wind tunnel. In addition, some of the most 
recognized theoretical methods, developed to estimate the behaviour of a turbulent flow 
during distortion through symmetrical contractions are mentioned. Although these 
theories are limited to sudden and symmetrical contracting passages, they are employed 
for a rough comparison with some of the measurement results. Also, a new simple 
analytical model is developed to approximate the behaviour of turbulent flow through 
contractions. The main idea of the analytical model is based on the concept of vortex 
tubes in a distorted turbulent flow.
1.1. Motivations
Motivations for carrying out this study include:
• As mentioned, turbulence is an important factor in engineering applications and 
can greatly affect the performance of the system in which it exists. The effect of 
turbulence intensity on heat transfer around cylinders is known to be significant 
[Van Der Hegge Zinjnen, 1958; Lowery and Vachon, 1975; Sunden, 1979]. Some 
of the studies have also mentioned the effects of turbulence length scale on heat 
transfer in the vicinity of cylinders subjected to a cross turbulent flow 
[Van Der Hegge Zinjnen, 1958; Sunden, 1979]. One of the practical situations in
4
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which turbulence is distorted occurs in heat exchangers with cylindrical tubes. As 
a turbulent air flow passes among cylindrical tubes of a heat exchanger, the 
turbulence is contracted and distorted between the cylinders. Figure 1.1.1 
illustrates a schematic view of a heat exchanger with cylindrical tubes. Distortion 
of the turbulent flow significantly changes turbulence properties, especially 
intensity, and consequently influences the performance of the heat exchanger. 
Therefore, a study on the concept of turbulence distortion between cylinders can 
lead to a better understanding of the performance of heat exchangers.
Figure 1.1.1: Schematic view of a heat exchanger with cylindrical tubes.
• Besides the practical aspects, study of the concept of turbulence distortion is of 
fundamental importance. Since distortion of turbulence is one of the important 
phenomena in turbulent flows, a fundamental study in this area is expected to 
contribute to a better understanding of turbulent flows. Most of the experimental 
works in this field investigate the behaviour of turbulence in contracting ducts, 
where the contraction is axisymmetric. Study of turbulent flow passing through a 
non-symmetrical contraction (e.g. a passage made by cylinders) can lead to a 
better understanding of turbulence distortion phenomenon.
5
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1.2. Objectives of the Present Study
The main objectives of the current work are:
• To experimentally quantify a turbulent flow, as it undergoes distortion imposed 
by a cylindrical contraction using a hot-wire anemometry system. The contraction 
consists of two half cylinders, installed on the side walls of a closed loop wind 
tunnel, and a full cylinder in the middle. The measurements are carried out at 
three different Reynolds numbers. Through these experiments, the effects of the 
cylinders on properties of the turbulent flow such as turbulence intensity and 
scales are investigated.
• To develop a simple theoretical vortex tube model to estimate the behaviour of 
turbulence intensity and scales as the flow passes through a contraction. This 
model, along with four of the most recognized theoretical models, is used for a 
rough comparison with some of the measurements to evaluate the model’s 
validity at the conditions of the present experiments.
The next chapter (Chapter 2) presents a brief review on some of the important 
theoretical and experimental studies available in this area. Chapter 3 discusses some of 
the most important theoretical methods available in this area. Also, the vortex tube model 
is derived, presented and discussed in detail. Chapter 4 discusses the experimental setup 
and procedures of the present study. The measurement results along with a rough 
comparison between experiment and theory are presented in Chapter 5. Finally, Chapter 6 
highlights the most important results and conclusions of the current work.
6
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LITERATURE REVIEW
Section 2.1 of this chapter reviews some of the most important theoretical and 
experimental previous research work available on turbulence distortion through 
contractions. This is followed by Section 2.2 which presents and explains the most 
important studies available on turbulence distortion around solid bodies.
2.1. Distortion of Turbulence through Contractions
Distortion of turbulence through contractions is one of the most basic and 
practical examples of turbulence distortion. The present section is a review of some of the 
key theoretical and experimental research conducted in this area. The theoretical and 
experimental works are reviewed separately in sections 2.1.1 and 2.1.2.
2.1.1. Theoretical Studies
The theoretical concept of turbulence distortion was initiated by Prandtl [1930, 
1933]. It was first mentioned by Prandtl that the sudden increase of the mean velocity in a 
wind tunnel leads to a smoother and more uniform flow. Later, Prandtl [1933] developed 
a theory to predict the behaviour of turbulence as it is distorted through an axisymmetric 
contracting duct. Prandtl’s work was followed by Taylor [1935] who developed an 
analytical method to study the effect of an axisymmetric, sudden contraction on an 
initially homogeneous and isotropic turbulent flow. The theoretical research on the 
distortion of turbulent flow through contractions was later continued by Ribner and 
Tucker [1953]. In their study, Ribner and Tucker employed the spectrum concept to 
investigate the effect of a contracting passage on the stream-wise (longitudinal) and 
lateral components of turbulent rms velocity in a turbulent flow. This theory is usually 
referred to as the “Rapid Distortion Theory” (RDT). Independently, Batchelor and 
Proudman [1954] developed a comprehensive theory to estimate the behaviour of 
turbulent flow as it is distorted. Their theory was concerned with the calculation of 
changes in a homogeneous and isotropic turbulent motion when the fluid was subjected 
to a superimposed uniform distortion. This theory is also usually referred to as the 
classical turbulence distortion theory or “Rapid Distortion Theory” (RDT). Further 
details on Batchelor and Proudman’s theory [1954], and also models of Prandtl [1933],
8
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Taylor [1935] and Ribner and Tucker [1953] are explained in Chapter 3. These theories 
are used for a rough comparison with some of the current measurements in Chapter 5. To 
avoid duplication, these four theories are not explained further in this chapter.
The next theoretical step was taken by Pearson [1959]. Unlike the classical rapid 
distortion theory developed by Batchelor and Proudman [1954] and Ribner and Tucker
[1953], Pearson’s theory considered the effect of inertial interaction between the mean 
flow and the turbulent fluctuations as well as the effect of viscosity. For some restricted 
cases of distortion, general solutions in terms of the spectrum functions were derived. 
Also, the particular situation of initially isotropic turbulence subjected to an axisymmetric 
contraction was worked out and studied in detail. For the case of turbulence distortion 
through an axisymmetric contraction, this theory predicted that the turbulence energy in 
the stream-wise (longitudinal) direction decayed more rapidly than it would in the 
absence of the contraction. The results also showed that the turbulence energy in the 
transverse direction approached a steady state in which the rate of growth due to the 
contraction was exactly balanced by the viscous decay.
Many efforts have been made to modify and develop the mentioned theories. One 
of the advances is due to Sreenivasan and Narasimha [1978] who developed a 
generalization of the rapid distortion theory of Batchelor and Proudman [1954] to 
estimate the effect of a sudden but arbitrary three dimensional distortion on homogeneous 
and initially axisymmetric turbulence. Unlike the rapid distortion theory of Batchelor and 
Proudman [1954] in which the initial turbulence was considered to be isotropic, there was 
no assumption of initial isotropy in the theory of Sreenivasan and Narasimha. In their 
study, the effect of distortion on turbulence intensity and also on turbulence spectra was 
investigated. Also, comparisons were made with some available experimental data which 
showed reasonable agreement.
Another step was taken by Goldstein and Durbin [1980] who extended the 
classical rapid distortion theory of Batchelor and Proudman [1954] and Ribner and 
Tucker [1953] to calculate the behaviour of turbulence distorted through a contracting 
passage, including the effects of finite turbulence length scales. The classical rapid 
distortion theory was restricted to flows in which the characteristic turbulence scales were 
small compared to the spatial scales of the mean flow, while Goldstein and Durbin [1980]
9
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studied the case where the turbulence scale had the same magnitude as the mean flow 
spatial scales. In the mentioned study, the equations of fluid motion were solved without 
imposing any restrictions on the magnitude of the turbulence scale and the formulae were 
simplified by assuming the contraction ratio to be a small parameter. The results of the 
developed theory showed that the effect of contraction on turbulence was reduced when 
the spatial scale of the turbulence increased. In fact, the upstream turbulence was found to 
be suppressed when the contraction ratios were high and when the turbulence spatial 
scales were larger than three times the transverse dimensions of the contracting channel.
One of the other important theoretical studies was carried out by Maxey [1982] 
who offered a turbulence model to calculate velocity moments for the rapid distortion of 
axisymmetric turbulence in a uniform mean shear. To formulate a useful turbulence 
model, the classical rapid distortion theory developed by Batchelor and Proudman [1954] 
was utilized to specify turbulence stress ratios and separate equations were given to 
specify the turbulence kinetic energy. The model provided a convenient way of 
characterizing the turbulence structure. The mentioned model was considered to be 
particularly suited to study oscillating turbulent flows where at higher frequencies the 
oscillation period is of similar magnitude as the turbulence large eddy time scale.
The theoretical studies were followed by the work of Hunt and Carruthers [1990]. 
In this study, different kinds of turbulent flow and different methods of solution were 
classified and discussed with reference to how the turbulent structure in a flow domain 
depends on the scale and geometry of the domain’s boundary and on the information 
provided in the boundary conditions. The other purpose of this study was to review how 
rapid distortion theory was extended to analyze inhomogeneous turbulent flow, including 
some effects of boundaries.
While most of the studies have focused on the effects of distortion on turbulence 
energy and intensity, Durbin and Zeman [1992] focused on the effects of distortion on 
turbulent pressure fluctuations. In this work, compressible rapid distortion theory 
developed by Ribner and Tucker [1953] was used to examine pressure fluctuations in a 
field of turbulence subjected to rapid compression. The irrotational, compressible rapid 
distortion equations were solved to determine the pressure variance in a homogeneously 
compressed turbulence at small fluctuating Mach numbers. It was shown that a one
10
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dimensional compression produced large pressure fluctuations. As the dimensionality of 
the compression increased, the magnitude of these fluctuations decreased and it vanished 
for a spherically symmetric compression. The analysis proposed a method to model the 
contribution of rapid distortion to pressure fluctuations in a turbulence field.
More recently, Nazarenko et al. [1999] extended the rapid distortion theory of 
Batchelor and Proudman [1954] to include inhomogeneous and anisotropic turbulence. 
The modified theory also allowed the mean flow to be unsteady. Furthermore, the effects 
of viscosity were considered and taken into account. Although this theory can be 
generalized to include the effects of compressibility, the study only considered the case of 
incompressible flows.
Table 2.1.1 summarizes the theoretical studies reviewed above.
11
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Establishment of the turbulence distortion concept 
and development of a simple model based on the 
vortex filaments in a turbulent flow.
Taylor [1935]
Development of a theory to estimate the behaviour 
of initially homogeneous and isotropic turbulence 
in the stream-wise direction, during distortion in an 
axisymmetric contraction. The components of the 
turbulent rms velocity were assumed to be a 
sinusoidal function of space coordinates.
Ribner and Tucker [1953]
Development of RDT to predict the behaviour of a 
three dimensional, initially homogeneous and 
isotropic turbulent flow through an axisymmetric 
contraction. The effect of compressibility was taken 
into account.
Batchelor and Proudman [1954]
Development of RDT to estimate the behaviour of a 
three dimensional, initially homogeneous and 
isotropic turbulent flow through an axisymmetric 
contraction. The theory was developed 
independently from Ribner and Tucker [1953].
Pearson [1959] Extension of Batchelor and Proudman’s RDT to include viscosity effect.
Sreenivasan and Narasimha [1978] Generalization of Batchelor and Proudman’s RDT to include anisotropic turbulent flow.
Goldstein and Durbin [1980]
Extension of Batchelor and Proudman’s RDT to the 
case where turbulence scales have the same 
magnitude as the mean flow spatial scales.
Maxey [1982]
Development of a turbulence model to calculate 
velocity moments for the distortion of turbulence in 
a uniform mean shear.
Hunt and Carruthers [1990]
Extension of Batchelor and Proudman’s RDT to 
include inhomogeneous turbulent flow, considering 
effects of boundaries.
Durbin and Zeman [1992]
Utilization of compressible RDT developed by 
Ribner and Tucker [1953] in order to examine 
pressure fluctuations in a field of turbulence 
subjected to compression.
Nazarenko et al. [1999]
Extension of Batchelor and Proudman’s RDT to be 
applied to include inhomogeneous and anisotropic 
turbulence.
12
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2.1.2. Experimental Studies
The distortion of turbulent flow through contractions has been the subject of many 
experimental works. The earliest experimental studies in this area seem to be the 
measurements by Fage, Simmons and Townsend at the National Physical Laboratory in 
Cambridge University, as discussed by Taylor [1935]. Simmons used a hot-wire 
anemometry system, Townsend used a heated spot system and Fage used an ultra­
microscope to measure grid generated turbulence through various axisymmetric 
contractions from 10 to 5.4 cm diameter resulting in contraction area ratios of 2.7, 3.26 
and 13.2. The turbulence was generated by a grid installed at the entrance of a wind 
tunnel (the grid size and thickness were 1.2 cm and 0.4 cm, respectively).
It was not until 1954 that some comprehensive experiments were carried out by 
Townsend. In these measurements the effect of a suddenly imposed distortion on 
isotropic turbulence was studied, by passing grid generated turbulent flow through a 
contracting passage. The contraction used in the experiments was a constant area and 
rectangular cross-section duct such that the horizontal width of the duct increased, while 
the vertical depth decreased. To prevent the growth of boundary layers on the walls, the 
cross-sectional area of the duct increased from 15.2 cm (6 inches) by 61 cm (24 inches) at 
the entrance to 61.6 cm (24.25 inches) by 15.9 cm (6.25 inches) at the exit. The 
contracting duct measured 101.6 cm (40 inches) along the stream-wise axis and it was 
installed in an open wind tunnel. The working section of the wind tunnel consisted of a 
50.8 cm (20 inches) long parallel flow section, the contracting duct and a final 50.8 cm 
(20 inches) long parallel flow. The flow velocity was fixed at 6.5 m/s. Two grids were 
used, one of periodic spacing of 1.3 cm (0.5 inch) and the other 2.5 cm (1 inch). 
Measurements of the turbulence were made using hot-wire anemometry. The results 
showed that the total turbulence intensity decreased more slowly than it would in the 
absence of the distortion. The vertical (the direction in which the height of the duct 
decreased) transverse component of intensity decreased less rapidly and the horizontal 
(the direction in which the width of the duct increased) transverse component of intensity 
decreased more rapidly than they would in the absence of the distortion. The rate of 
decrease of the stream-wise component of intensity was between that of the two other 
components and was less than it would be in the absence of a distortion. In addition, the
13
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results indicated that the turbulence was not in the condition of isotropy during distortion. 
Also, a series of measurements of the spectra of the stream-wise velocity component 
were made at various positions in the contraction. It was noticeable that the shape of the 
spectrum changed considerably during distortion. Some comparisons were made with the 
rapid distortion theory of Batchelor and Proudman [1954] and the relevance of that 
theory to the experimental conditions was discussed. It was concluded that the rate of 
strain was too small to justify the application of the theory, but that, for small strains, the 
structure of the energy containing eddies was similar to that predicted by rapid distortion 
theory.
Experimental study on the behaviour of turbulent flow through contractions was 
continued by measurements of Uberoi [1956]. In this study, the effect of wind tunnel 
contraction on ffee-stream turbulence was experimentally determined by passing grid 
generated turbulent flow through three axisymmetric contractions of ratios 4:1, 9:1 and 
16:1. The experiments were conducted in a 61 cm (2 ft) by 61 cm (2 ft) low turbulence 
wind tunnel. The mean speed at the entrance of the wind tunnel was 1.1 m/s (3.6 ft/s) and 
approximately isotropic turbulence was produced by placing grids of various mesh sizes 
in the test section. One of the grids was a bi-planar 5.1 cm (2 inches) square mesh grid 
made of 1.3 cm (0.5 inch) round rods and the other one was a bi-planar 2.5 cm (1 inch) 
square mesh grid made of 6.4 mm (0.25 inch) round rods. The axisymmetric contractions 
were placed 42 inches downstream of the grid and these were followed by uniform 
sections. The hot-wire measurements indicated that the stream-wise component of 
turbulence intensity decreased and the transverse component of turbulence intensity 
increased as the flow accelerated through 4:1 and 9:1 contractions. But for 16:1 
contraction, the stream-wise turbulence intensity first decreased and then increased to a 
final value which was higher than the initial value. The measurements also showed that 
the turbulence Reynolds number had insignificant effect on the performance of the 
contractions. The spectra of the turbulence intensities were also measured and a 
comparison was made between the experimental results and predictions of the classical 
rapid distortion theory, developed by Ribner and Tucker [1953] and Batchelor and 
Proudman [1954]. The comparison indicated that there was a fair agreement between the 
predicted and measured spectrum of transverse component of the turbulence intensity
14
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while there was not such an agreement for the case of the spectra of the stream-wise 
turbulence intensity. The disagreement seemed to get worse with the increase in the 
contraction ratio. Results also indicated that the turbulent flow was far from isotropy as it 
was distorted through the contractions.
Another important experimental study was carried out by Reynolds and 
Tucker [1968]. This experimental work was an extension of the experiments of 
Townsend [1954]. Unlike Townsend [1954] who considered a contracting duct with 
maximum cross-section area ratio of 4:1, Tucker and Reynolds [1968] used longer 
contractions with maximum cross-section area ratio of 6:1 to produce a uniform strain 
applied to initially nearly isotropic grid turbulence. Two kinds of contracting ducts were 
used, one a 4.3 m (14 ft) long duct with an entrance cross-section of 114.3 cm (45 inches) 
by 19.1 cm (7.5 inches) and the other one a 3 m (10 ft) long duct with an entrance cross- 
section of 43.2 cm (17 inches) by 76.2 cm (30 inches), to produce two types of strain. 
The turbulent flow in the wind tunnel was generated by two different types of grids. The 
first one was a 0.76 mm (0.030 inch) perforated steel forming a square 1.7 cm (11/16 
inch) mesh with bars 0.48 cm (3/16 inch) wide. The second was 0.94 mm (0.037 inch) 
expanded aluminium forming a diamond mesh 3 cm (1.2 inch) by 1.5 cm (0.60 inch) on 
diagonals with bars 2 mm (0.08 inch) wide. Two different nominal velocities of 6.1 m/s 
(20 ft/s) and 12.2 m/s (40 ft/s) were used and the measurements were carried out using a 
constant temperature hot-wire anemometry unit. All of the experimental results were 
compared with the predictions of the classical rapid distortion theory developed by 
Batchelor and Proudman [1954]. It was possible to predict the variation of the total 
turbulence energy using rapid distortion theory with a correction for decay. However, the 
individual components (in different directions) could not be accurately predicted in this 
way. The experimental results also indicated that in the highly anisotropic turbulence 
produced by the distorting ducts, there was a strong tendency towards isotropy after 
distortion.
Later, Reynolds and Tucker [1975] extended their experimental work to include 
different types of contractions. In this study, Reynolds and Tucker [1975] investigated the 
measured response of grid turbulence as it was distorted through 4 different types of 
contracting ducts. A grid formed of perforated steel sheet, 0.76 mm (0.030 inch) thick
15
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with bars of 0.48 cm (3/16 inch) wide and a square mesh of scale 17 mm (11/16 inch) 
was installed at the entrance of the wind tunnel to generate turbulent flow. In each case 
the length of the contracting duct was 2.4 m (8.0 ft) and it began 61 cm (2 ft) downstream 
of the turbulence generating grid. The inlet sections of two of the ducts were 114.3 cm 
(45 inches) by 19.1 cm (7.5 inches) and the inlet sections of the other two were 76.2 cm 
(30 inches) by 43.2 cm (17 inches). All the tests were carried out in normal atmosphere 
air and the nominal velocity of the wind tunnel was fixed at 6.1 m/s (20 ft/s) and 12.2 m/s 
(40 ft/s). Hot-wire anemometry was used for all of the measurements. Several 
parameters like total strain and relative rate-of-strain were introduced to represent and 
measure the characteristics of different contracting passages. An attempt was made to 
predict the behaviour of turbulence through the distorting ducts, using rapid distortion 
theory of Batchelor and Proudman [1954]. Comparisons were made between the 
measurements and the predictions of the rapid distortion theory. Since the rapid distortion 
theory yields explicit predictions for the case of initially isotropic turbulence, a simple 
strategy was adopted to take initial anisotropy of turbulence into account. The adopted 
strategy considered the initial turbulence anisotropy at the entry of the distorting duct to 
be the result of a hypothetical strain applied to a hypothetical isotropic turbulence. The 
modified rapid distortion theory turned out to be able to describe several features of the 
response of the turbulence with good accuracy. Although the strain rates generated by the 
distorting ducts were not as large as those for which rapid distortion theory might have 
been expected to be valid, the degree of agreement achieved by rapid distortion 
hypothesis was acceptable.
Another step toward the understanding of turbulence distortion through 
contractions was taken by Sreenivasan [1985]. In this study, a homogeneous turbulent 
shear flow was subjected to a longitudinal strain by passing the flow through gradual 
contractions in the direction perpendicular to stream-wise direction of the flow. Two 
contractions of area ratios of 1.4 and 2.6 were used. The contractions were two 
dimensional and were created by placing two wedges symmetrically in the test section of 
a wind tunnel, beginning at 2.3 m downstream from the entrance of the wind tunnel. The 
wedges were made of polished wood except for the aluminium leading edges bonded to 
the mean body. The wind tunnel utilized was 3.36 m long with a 30.5 cm by 30.5 cm
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
cross-section and the nominal velocity of the wind tunnel was about 10.9 m/s. The 
turbulent flow was generated using twelve channels of equal width installed at the 
entrance of the wind tunnel. The mean and turbulent velocities were measured with a Pt- 
Rh dual sensor hot-wire anemometry, each 5 microns in diameter and about 0.8 mm in 
length. Approximately a 5 cm region in the vicinity of the walls of the contractions was 
excluded from measurements so as to avoid possible confusion with the boundary 
influence. The experimental measurements indicated that a uniformly shear turbulent 
flow with approximate transverse homogeneity remained so at all stages of its 
development through a two dimensional contraction. In fact, small deviations from 
homogeneity observed upstream of the contractions became much less visible towards 
the end of the contractions. All of the measurements were compared with the predictions 
of the rapid distortion theory developed by Batchelor and Proudman [1954], It was found 
that the rapid distortion theory calculations for the turbulent stresses were in agreement 
with the measurements for some distance downstream of the contractions, although not 
for larger distances.
Finally, measurements of Thoroddsen and Van Atta [1995] has been another 
important experimental work in which the effects of contraction on the distortion of 
turbulence were experimentally investigated. In this study, grid generated turbulence was 
passed through a two dimensional contraction, contracting the stream only in the vertical 
direction. The wind tunnel used in the experiments had a 76 cm by 58 cm entrance. The 
turbulence was generated by passing the flow through a bi-planar grid. The velocity of 
the wind tunnel was set at 2.1 m/s and 2.6 m/s and two different grid mesh sizes of 
2.54 cm and 5.08 cm were used. The distance between the entrance of the wind tunnel 
working section and start of the contraction was variable and the experiments were 
carried out for two different distances of 48.3 cm and 101.6 cm. The contraction itself 
extended 76.2 cm in the stream-wise direction and had a contraction ratio of 2.5. The 
contraction curve was formed by two circular arcs 69 cm in radius, and contracted the 
flow only in the vertical direction, leaving the tunnel width (58 cm) unchanged. The 
velocity and temperature fluctuation measurements were made with a dual sensor hot­
wire probe, 1.25 mm in length, with a cold-wire sitting next to it within 1 mm from the 
hot-wire. The cold-wire had two purposes: measurement of the temperature fluctuation
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and also correction of the hot-wire measurements. The behaviour of turbulence intensity 
components as well as turbulence spectra through the contraction was studied. Also, the 
effects of the contraction on turbulence scales and temperature fluctuations were 
investigated. It turned out that the stream-wise component of turbulence intensity was 
attenuated through the contracting passage, while the component in the contraction 
direction was amplified. It was also found that the turbulence dissipation rate decreased 
more rapidly through the contraction than it would without distortion, while the 
Kolmogorov length scale increased.
Table 2.2.1 summarizes the experimental studies discussed above.




Measurement of the grid generated turbulent flow through 
a constant area, rectangular cross-section, contracting duct 
such that the horizontal width of the duct increased, while 
the vertical depth decreased.
Uberoi [1956]
Measurement of the grid generated turbulent flow through 
axisymmetric contracting ducts of various contraction area 
ratios.
Reynolds and Tucker [1968] Extension of the experiments of Townsend [1954] to include contracting ducts of higher contraction area ratios.
Reynolds and Tucker [1975] Development of their previous study [1968] to include several types of contractions.
Sreenivasan [1985]
Measurement of turbulent flow through gradual two 
dimensional contractions, created by placing two wedges 
symmetrically in the test section of a wind tunnel.
Thoroddsen and Van Atta 
[1995]
Measurement of the grid generated turbulent flow through 
a two dimensional contraction, contracting the stream only 
in one direction.
2.2. Distortion of Turbulence around Solid Bodies
Distortion of turbulence around solid bodies may happen in many practical 
situations and has been the subject of some studies.
One of the most important steps toward the theoretical investigation of turbulence 
distortion around solid bodies was taken by Hunt [1973]. In this study, the classical 
theory of rapid distortion of turbulence was generalized to calculate the turbulence
18
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velocity around a solid body placed in a turbulent flow. The basis of the approach was the 
rapid distortion theory of Batchelor and Proudman [1954] which calculated 
characteristics of a turbulent flow through a contracting passage in terms of the upstream 
values. Hunt [1973] gave detailed calculations of the turbulent flow around a circular 
cylinder. Mean square values of the turbulence velocity and the turbulence spectra were 
found only in the limiting situations where the turbulence scale was very much larger or 
smaller than the size of the body. In other words, it was assumed that the radius of the 
cylinder and the integral scale of the incident turbulence were not of the same order. 
However, some computed results were used to suggest the qualitative behaviour of the 
turbulence when the radius of the cylinder and the turbulence integral scale were of the 
same order.
The most complete and comprehensive experimental study in this field was 
carried out by Britter et al. [1979] who measured the turbulence around a circular 
cylinder with particular emphasis on the distortion of turbulence from the upstream form. 
Turbulence was generated using four different grids which resulted in different turbulent 
integral length scales. Experiments were set in a 45 cm by 45 cm wind tunnel, using a 
constant temperature, dual sensor hot-wire anemometry unit. All measurements were 
carried out at an incident velocity of 10 m/s which, with cylinder radii of 0.318 cm, 0.635 
cm and 2.06 cm, gave Reynolds numbers of 4250, 8500 and 27400 based on the size of 
the cylinders. Measurements of the mean velocity distribution, turbulence intensities and 
turbulence spectra were presented. The results showed that the distortion of turbulence 
around a cylinder depends on both radius of the cylinder and also integral length scale of 
the upstream turbulence. It turned out that the components of turbulence intensity might 
increase or decrease depending on the ratio of the cylinder to integral scale of the 
upstream turbulence. The behaviour of the turbulence spectra also depends on this 
parameter. The results were in qualitative agreement with the predictions of Hunt’s 
theory [1973].
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CHAPTER 3
THEORETICAL APPROACHES TO TURBULENCE DISTORTION
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THEORETICAL APPROACHES TO TURBULENCE DISTORTION
As mentioned earlier, the study of turbulence distortion has been the subject of 
various theoretical investigations. In this chapter, the theoretical models developed by 
Prandtl [1933], Taylor [1935], Ribner and Tucker [1953] and Batchelor and Proudman
[1954] are explained and the limitations of the models are briefly discussed. Also, a 
simple model is developed based on the concept of vortex tubes in a turbulent flow. All 
of the mentioned models approximate the behaviour of turbulent flow, as it is distorted 
through a contraction. These theoretical models are used for a brief comparison with 
some of the experimental results, as mentioned in Chapter 5.
3.1. Prandtl’s Turbulence Distortion Theory [1933]
Prandtl [1933] developed a theory to predict the behaviour of turbulence as it is 
distorted through a contracting duct. With a strong physical insight, Prandtl considered 
vorticity to be the primary variable in a turbulent flow. It was assumed that in a field of 
incompressible flow, the turbulence velocity fluctuations were entirely due to random 
distribution of vorticity in the flow. Consequently, the effect of contraction on a turbulent 
flow was determined by considering its effect on vorticity. In PrandtTs theory, it is 
assumed that
• The flow is incompressible, so the density of the fluid is not changed through 
distortion.
• The effect of viscosity is negligible and the fluid is considered inviscid.
• The contracting passage is symmetrical about the stream-wise axis.
• The mean flow is irrotational, in other words there is no vorticity driven by the
mean velocity field. So the turbulence fluctuations can be regarded as being due 
to vortex filaments.
• Turbulence consists of discrete vortex filaments.
21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Prandtl assumed that the turbulence velocity fluctuations in the stream-wise direction 
were due to the vortex filaments lying perpendicular to the stream-wise direction. 
Similarly, the turbulence velocity fluctuations in the transverse directions were 
considered to be corresponding to the vortex filaments lying in the stream-wise direction. 
As the flow goes through the contracting duct, the stream-wise vortex tubes are elongated 
and the transverse vortex filaments are contracted. Figure 3.1.1 schematically represents a 




Figure 3.1.1: Prandtl’s theory, distortion of vortex filaments in a contraction.
Neglecting viscosity, the total strength of a vortex filament or the circulation 
around it remains constant. In other words, the product of angular velocity and cross- 
sectional area of the vortex filament remains constant [Prandtl, 1933]. With these 
assumptions, Prandtl proved that
u
ru =-^~ = c , (3.1.1)
where wdandM0 are distorted and undistorted turbulent rms velocity components,
respectively, in the x  (stream-wise) direction, ru{ = — ) is the ratio of distorted to
undistorted turbulent rms velocity components in the x direction and c is the contraction 
area ratio of the contracting duct. Also, for the ratio of lateral components of rms 
turbulent velocity Prandtl showed that
v„rv = —  = c , (3.1.2)
v„
22
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where vd and va are distorted and undistorted turbulent rms velocity components,
respectively, in the y  direction and rv ( = —  ) is the ratio of distorted to undistorted
turbulent rms velocity components in the y  direction. Since the contracting duct is 
symmetrical around the x  (stream-wise) axis, the rms velocity components in the y  and z 
directions are similarly affected by the contraction. So we have
vd wd (3.1.3)
where wd and w0 are distorted and undistorted turbulent rms velocity components, 
respectively, in the z direction. Therefore
rw = ^  = c 1/2, (3.1.4)
where rw( = — ) is the ratio of distorted to undistorted turbulent rms velocity components
wryo
in the z direction.
3.2. Taylor’s Turbulence Distortion Theory [1935]
In Taylor’s theory, it is assumed that
• The turbulent flow is initially (before distortion) homogeneous and isotropic.
• The flow is incompressible, so the density of the fluid is not changed through 
distortion.
• The effect of viscosity is negligible, so the fluid is considered inviscid.
• The contracting passage is symmetrical about the stream-wise axis.
• The mean flow is irrotational, in other words there is no vorticity driven by the
mean velocity field. Consequently, the vorticity of the flow corresponds to the
turbulence eddies which are driven by the turbulence fluctuating velocity field.
23
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• The distortion of the flow through the contracting passage is so rapid that the 
motion of the fluid particles is only due to the mean velocity and turbulence does 
not contribute to their displacement. In other words, the distortion of the flow in 
the contraction is so rapid that the relative motion of particles due to mean 
velocity is by far larger than that due to turbulence.
• Turbulence fluctuating velocity field varies sinusoidally with respect to the space 
coordinates.
Considering the above assumptions, solution of the equations of fluid motion gives
u 3c-1
—  (3-2-1)
ua 2 + c
Figure 3.1.1 shows a schematic view of a contracting passage, where Ad and A0 are 
the cross-section areas of the contracting passage during and before distortion 
respectively, c ( = A0/Ad) is the area ratio of the contracting passage, Umean is the mean 
flow velocity in the x  (stream-wise) direction before distortion and, as mentioned, 
udsx\.du0 are the rms turbulence velocity components in the x (stream-wise) direction, 
during and before distortion respectively.
U, cU,+ umean o mean
Figure 3.2.1: Taylor’s theory; schematic view of an axisymmetric contracting passage.
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3.3. Rapid Distortion Theory of Ribner and Tucker [1953]
In Ribner and Tucker’s theory, it is assumed that
• The turbulent flow is initially (before distortion) homogeneous and isotropic.
•  The flow is compressible, so the density of the fluid may change during 
distortion. However, density fluctuations associated with turbulence are assumed 
to be negligible.
• The effect of viscosity is negligible and the flow is considered to be inviscid.
• The contracting passage is symmetrical about the stream-wise axis.
• The contraction is so rapid that the relative displacement of two adjacent particles 
due to the superposed turbulent motion is small compared with the displacement 
due to the mean flow motion. So, the contracting passage is assumed to produce a 
sudden contraction.
As a fluid element is distorted through the contracting passage, it is elongated in the 
stream-wise direction and contracted in the lateral directions. Taking k  to represent the 
elongation factor in the stream-wise direction and m as the contraction factor in the lateral 
directions, it can be shown that
where Mad and Ma() are the Mach numbers of the flow during and before distortion, 










\  M a d J
5 +  Mad 
5 + Mai
\ 4
(3 .3 .3 )
With the above-mentioned assumptions, solution of the equations of fluid motion
gives
4 k 2
-1 2 - / 3
3/21 ~ P  (1 -P )
tanh  \ y j l -  /3)
Ml
(3.3.4)
Also, for the ratio of lateral components of rms turbulent velocity we have
r v 8m2 T ~ ~ f  ~  „  ^ 3 / 2  ~  P)
1/2
(3.3.5)
1 - / 3  ( 1 - /3 )312
Since the contracting passage is symmetrical around the x  (stream-wise) axis, the 
rms velocity components in the y  and z  directions are similarly affected by the 
contraction. So we have
(3.3.6)
V wvo rvo
Consequently, the ratio of distorted to undistorted turbulent rms velocity 
components in the z  direction can be calculated as
wd
rw = ---- = V
Wo
(3.3.7)
For incompressible flows, where the Mach numbers ( M a d m d M a 0) approach 
zero, the parameters k, m  and [3 depend uniquely on the geometry of the contracting 
passage and reduce to
k = c ,  (3.3.8)




Considering the above correlations, Equations (3.3.4) and (3.3.5) can be written as
r = ^  =ru
4 c 2
- 1  2 - c
- +  —
-3
l _ c -3 ( l _ c -3)3/2
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3.4. Rapid Distortion Theory of Batchelor and Proudman [1954]
In this theory, developed by Batchelor and Proudman [1954], it is assumed that
• The turbulent flow is initially (before distortion) homogeneous and isotropic.
• The flow is incompressible, so the density of the fluid is not changed through 
distortion.
• The effect of viscosity is negligible. The neglect of viscous effects is evidently 
justified if the process of distortion takes place in a time interval small compared 
with the time required for viscous decay to occur [Batchelor and Proudman, 
1954]. Consequently, the contraction should be sufficiently rapid.
• The contracting passage is symmetrical about the stream-wise axis.
• During the process of distortion, the displacement history of each fluid particle is 
determined uniquely by the history of distortion. For this assumption to be valid it 
is necessary that the influence of the turbulence on the relative motion of any two 
fluid particles is negligibly small and the relative motion of particles is only due 
to the mean velocity. The contracting passage should be rapid and sudden enough 
to satisfy the mentioned conditions.
Considering the assumptions involved, solution of the equations of fluid motion gives
ud
ru = — Un 4 c2
l + a  , 1 + a  _2log— a
1/2
(3.4.1)
2 a I - a
where a~{\  -c~3)l/2. Also, for the ratio of lateral components of turbulent rms velocity 
we have
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r = ^  ='  V
3c 3— + -
4c 2 a 1
1 - a 1 
4 a3
log




Since the contracting passage is symmetrical around the x  (stream-wise) axis, the 





Consequently, the ratio of distorted to undistorted turbulent rms velocity 
components in the z direction can be deduced as
Wj
■ =  r  . (3.4.4)
3.5. Vortex Tube Model
Existence of “organized eddy structures” or “coherent structures” in turbulent 
flow is well known. There has been convincing evidence that these coherent eddies are 
more likely to have the geometry of a tube [Pullin and Saffman, 1998]. Therefore, 
homogeneous and isotropic turbulence can be considered as consisting of vortex tubes of 
cylindrical shape [Kassinos and Reynolds, 1995]. Many numerical simulations [Vincent 
and Meneguzzi, 1991; Jimenez and Wray, 1998] and experimental investigations [Cadot 
et al., 1995; La Porta et al., 2000] have proven that turbulence contains vortex tubes. For 
an incompressible, inviscid fluid, the vortex tubes retain their identity and move as 
material entities. In other words, vorticity can be assumed to be in the form of isolated 
vortex tubes [Leonard, 1985]. In a turbulent flow, the radius of a vortex tube is several 
times larger than the Kolmogorov length scale, which is more close to the Taylor 
microscale [Mouri et al., 2003]. The length of the vortex tube is of the order of the 
integral length scale [Mouri et al., 2003], as shown in Figure 3.5.1.
~ A
Figure 3.5.1: A vortex tube; k  is the Taylor microscale and A is the integral length scale.
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The effect of a contracting passage on turbulent flow may be studied using a 
three-orthogonal-vortex tube model. In this model, we consider three orthogonal vortex 
tubes which represent vorticity in three space coordinates. For isotropic turbulence these 
three orthogonal vortex tubes are identical. These orthogonal vortex tubes may be named 
based on the direction of their rotation axis. Here they are called vortex tube x, vortex 
tube y  and vortex tube z where subscript x represents the parameters related to vortex tube 
x and subscripts y  and z represent those related to, respectively, vortex tubes y  and z, as 
depicted in Figure 3.5.2. As shown, vx and wx are turbulent rms velocity components in 
the y  and z directions contributing to the rotation of the vortex tube x. On the other hand, 
uy and wy are turbulent rms velocity components in x and z directions contributing to the
rotation of the vortex tube y, and uz and vz are those which contribute to the rotation of 
the vortex tube z. It should be noted that Prandtl also used the concept of vortex tubes in 
his theory [1933]. The main difference is that Prandtl used two perpendicular vortex 




Figure 3.5.2: Vortex tubes with rotation axes in x, y  and z directions.
As a turbulent flow is distorted through a contracting passage, the vortex tubes are 
elongated in the stream-wise direction and squeezed in the lateral directions [Kassinos
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and Reynolds, 1995]. As previously mentioned, vortex tubes y  and z  contribute to the 
turbulent rms velocity in the x  direction. So, in order to calculate the effects of the 
distortion on turbulent rms velocity in the x  direction, vortex tubes y  and z should be 
considered. Figure 3.5.3(a) considers the vortex tube y  before distortion, where ry0 and
lyo are the radius and the length of the vortex tube, respectively. Figure 3.5.3(b) shows
the vortex tube y  during distortion, where ryd is the radius and lyd is the length of the
distorted vortex tube. Subscripts “o” and “d” represent the parameters corresponding to 
the vortex tube before and during distortion, respectively.
(a) (b)
Figure 3.5.3: Vortex tubey (a) before distortion, (b) during distortion.
Assuming that the vortex tube is isolated [Leonard, 1985], the mass of the vortex
should remain constant during distortion, based on the conservation of mass law.
Consequently, for the vortex tube y  we can write
M yo =Myd, (3.5.1)
where M yo and M yd are mass of the vortex tube y  before and during distortion,
respectively. The mass of the vortex tube can be written based on the density and volume 
of the vortex tube. So we have
PoVy o = P dVyd, (3.5.2)
where p 0 and p d are densities of the fluid before and during distortion and Vy0 and Vyd are 
volumes of the vortex tube y  before and during distortion, respectively. Here we assume
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that the flow is incompressible and the density is not changed during distortion ( p a =pd). 
Then, we have
Vyo=Vyd. (3.5.3)
Since the shape of the vortex tube is a cylinder, the volume can be written based 
on the radius and length of the vortex tube. We have
n r 2yoly0= n r 2ydlyd. (3.5.4)
The above relation can be reduced to
I r 1yd _  yo
I ~ r 2yo yd
(3.5.5)
Since the flow is assumed to be inviscid, there is no shear stress applied on the 
vortex tube. Consequently, there is no moment applied on the vortex tube during 
distortion and the angular momentum remains constant during distortion. The angular
momentum of an object can be written as the product of the moment of inertia and
angular velocity of the object. So, for the vortex tube y  we can write
I y o ® y o = 1y d COy d , (3 -5 -6)
where I yo and I yd are moments of inertia of the vortex tube y  before and during distortion,
respectively, and <oy0 and coyd are the corresponding angular velocities before and during
distortion. Since the shape of the vortex tube is a cylinder, the moments of inertia can be 
deduced from
I yo= ± M yor 2a, (3.5.7)
and also
Iyd = X~Mydrld- (3-5.8)
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Uyd
* * =  — • (3.5.10)
V
Substituting Equations (3.5.7) to (3.5.10) into Equation (3.5.6) gives
^  yd _  fy d
Uyo ryo
(3.5.11)




In the same way, by applying conservation of mass and conservation of angular 
momentum laws on the vortex tube z we have
p * -, (3.5.13)
^ z o  V
where lzo and lzd are lengths of the vortex tube z before and during distortion, respectively. 
Since y  and z vortex tubes are both contributing to turbulence energy in the x  direction, 
the total turbulence energy is a combination of corresponding energy from y  and z vortex 
tubes. So, for the undistorted turbulence we have
u20 =u2yo+u2zo. (3.5.14)
Also, for the distorted turbulence we can write
u2d =u2yd+u2zd. (3.5.15)
Dividing Equation (3.5.15) by Equation (3.5.14), the ratio of the x  component of 
turbulence energy during and before distortion can be calculated as
4 = 4 ^ '  <3.5.16)
U o U yo  Wzo
Since we have assumed that the turbulent flow is initially (before distortion)
isotropic and the undistorted vortex tubes are identical, we have uyo = u20. So the above
relation can be rearranged as
My0 WZO
By substituting Equations (3.5.12) and (3.5.13) into Equation (3.5.17) we get
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Similarly, by applying conservation of mass and conservation of angular 
momentum laws on vortex tubes x and z the correlation can be calculated for the y  
component of turbulent rms velocity as
' 1 -h d  . Izd -
— = J w ( f L + f L ) -  <3-5-19)V2  h o  h o
Considering the same approach, by applying conservation of mass and 
conservation of angular momentum laws on vortex tubes x and y  the correlation can be 
calculated for the z component of turbulent rms velocity as
—  = J i ( T L + T L)- (3-5-2°)
W o V2  h o  h o
Now define k, m and n as the ratios of lengths of vortex tubes before and during 
distortion:
k = haL , m = -^- and n = ̂ - .  (3.5.21)
I I Il xo 1yo zo
Substituting Equation (3.5.21) into Equations (3.5.18), (3.5.19) and (3.5.20) we get
(3.5.22)ud Im + n
uB \1 2 ’
Vd jk + n
V0 V 2  *





where ru, rv and rw are the ratios of distorted to undistorted turbulent rms velocities in the 
x, y  and z  directions, respectively. The vortex tubes x, y  and z are stretched or compressed 
by the ratios k, m and n during distortion. Consequently, it can be assumed that any 
arbitrary cubic element in the flow is stretched or compressed by the ratios k, m and n in 
x, y  and z directions, as can be seen in Figure 3.5.4.
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1




Figure 3.5.4: An arbitrary cubic element in the flow (a) before distortion, (b) during
distortion.
Since we have assumed that the flow is incompressible and density remains 
unchanged during distortion, according to conservation of mass the volume of the cubic 
element should remain constant during distortion. So we have
kmn = 1. (3.5.25)
Now consider that the turbulent flow is distorted through a contracting passage 
with the contraction area ratio of c. Taking x  as the stream-wise direction of the flow, it 
can be shown that the length ratio of the vortex tube x  during and before distortion is 
equal to the contraction area ratio of the contracting passage [Ribner and Tucker, 1953]. 
So we have
k = c. (3.5.26)
For an axisymmetric contraction, since the contracting passage is symmetrical
about the x  (stream-wise) direction, vortex tubes y  and z are similarly affected by the
contraction and so we havem = n. According to Equations (3.5.25) and (3.5.26), we can 
write
m = n = c~m . (3.5.27)
Now, we can rearrange Equations (3.5.22), (3.5.23) and (3.5.24) as
ru = c - v \  (3.5.28)
and
c + c - m (3.5.29)
2
The idea of the vortex tubes may also be used to estimate the effects of distortion 
on turbulence scales. As it was mentioned, the length of a vortex tube corresponds to the
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
order of magnitude of turbulence integral scale, representing the largest scale of the 
turbulent flow. So, the length ratio of the vortex tube during and before distortion gives
an approximation of the changes in turbulence integral scales through distortion. We can
consider
±2L = h*Lt (3.5.30)
A^o ^ xo
where A  xo and A  xd are the undistorted and distorted integral length scales in the x 
direction,
^yL  = ljL ^  (3.5.31)
^  yo Iyo
where A  yn and A  yd are the undistorted and distorted integral length scales in the y  
direction, and
Kzd - lzd (3.5.32)
A zo ẑ.,





= k ,  (3.5.33)
rKy= - f L  = m,  (3.5.34)
A^
r „ = ^ -  = n, (3.5.35)
A zo
where , rAy and are the ratios of distorted to undistorted turbulence integral length
scales in the x, y  and z directions, respectively. Again, for an axisymmetric contraction
according to Equations (3.5.26) and (3.5.27) we have
rAx = c > (3.5.36)
and
rky=rhz=c-y2. (3.5.37)
The vortex tube model can also be extended and used for the case of a two 
dimensional contraction, where the flow is squeezed only in one direction. The 
cylindrical contracting passage used in the current experimental work (as explained in
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Chapter 4) squeezes the flow in only one direction (the y  direction) perpendicular to the 
stream-wise direction. Since the flow is not squeezed in the z  direction, the fluid elements 
are not stretched or compressed in that direction ( n - 1). Consequently, according to 
Equations (3.5.25) and (3.5.26), we have
m = c~l . (3.5.38)
Substituting Equation (3.5.38) into Equations (3.5.22), (3.5.23) and (3.5.24) we
get
, (3.5.39)
rv = J ~ r ~  ’ (3.5.40)
Also, substituting Equations (3.5.38) into Equations (3.5.33), (3.5.34) and (3.5.35) 
we have
rh x = c , (3.5.42)
rKy= c ~ \  (3.5.43)
^ = 1 ,  (3-5.44)
In this work, we use the terminology “Vortex Tube Model A” for the first 
axisymmetric model and “Vortex Tube Model B” for the two dimensional one.
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CHAPTER 4
EXPERIMENTAL SETUP, PROCEDURES AND DATA ANALYSIS
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EXPERIMENTAL SETUP, PROCEDURES AND DATA ANALYSIS
A series of experiments are set up in order to investigate the effects of a 
cylindrical contracting section on a turbulent flow generated by a perforated plate in a 
wind tunnel. The first section of this chapter describes the wind tunnel facility used in the 
experimental setup. In the next section, the instrumentation utilized in these experiments 
are categorized and described. The third section deals with the calibration process for the 
hot-wire anemometry system. The fundamental concept of hot-wire calibration is 
explained and the details corresponding to the calibration process are discussed. In 
Section 4.4, the scope of the current experimental study is explained and the focus and 
goal of the experiments are described in detail. The last section of the current chapter 
presents a brief review on the post-processing of the raw data and the methods used to 
calculate and derive the parameters of the turbulent flow. In addition, the corresponding 
uncertainties of the measurement results are estimated in Appendix A.
4.1. Wind Tunnel Facility
The wind tunnel used in this study is of closed loop type which is located at the 
University of Windsor, as portrayed in Figure 4.1.1(a). The cross-sectional area of the 
wind tunnel, as depicted in Figure 4.1.1(b), is 76.2 cm by 76.2 cm (30 in by 30 in) and 
the wind tunnel is capable of producing air flow with the nominal velocity of up to 
approximately 12 m/s. The bottom floor of the wind tunnel is made of wood, while the 
top and one of the side walls are metallic. The other side wall of the wind tunnel consists 
of removable 20 cm by 20 cm glass windows (with wooden frame) which provide both 
visual and physical access to the working section of the wind tunnel.
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(b)
Figure 4.1.1: (a) The closed loop wind tunnel (air flow from right to left), (b) The cross- 
section of the wind tunnel looking downstream.
In the current study, the wind tunnel is used to produce turbulent flow. One of the 
proven methods to produce approximately isotropic turbulent flow is to install a
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perforated plate in the wind tunnel [Liu et al., 2004]. A perforated plate, as shown in 
Figure 4.1.2, is installed at the entrance of the test section to generate the required 
turbulent flow. The 6 mm thick aluminium plate is perforated 57% by 3.8 cm (1.5 in) 
diameter, d, orifice holes with a 20° angle with respect to the plane of the plate. In other 
words, the solidity of the perforated plate, which is defined as the solid area to the total 
area of the plate, is 43%.
------------76.2cm------------
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Figure 4.1.2: (a) Schematic view of the perforated plate (<i=3.8 cm, solidity = 43%), 
(b) The perforated plate installed in the wind tunnel.
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The nominal velocity of the wind tunnel is adjusted by means of a panel which 
controls the rotation speed of the wind tunnel motor. In this study, the wind tunnel 
nominal mean velocity is measured by a Pitot-static tube situated 10d  upstream from the 
perforated plate. The Pitot-static tube is connected to a digital manometer with the 
resolution of 0.25 mm (0.01 inches) of water. The Pitot-static tube is installed only to 
measure the nominal velocity of the wind tunnel and is removed after adjustment in order 
to avoid possible effects on the flow. Figure 4.1.3 shows the Pitot tube and the digital 
manometer used in the current experimental setup.
Figure 4.1.3: The Pitot-static tube and the digital manometer.
4.2. Data Acquisition Instrument
A Dantec constant-temperature hot-wire anemometry system is used for all of the 
measurements. The instrumentation used in the experiments includes single normal and 
inclined hot-wire probes along with the probe holder, a temperature sensor, a constant- 
temperature anemometer and a PC with an A/D bar.
4.2.1. Normal and Inclined Hot-Wire Probes
One of the most widely used measurement methods for turbulent flow research is 
hot-wire anemometry. This measurement technique is relatively inexpensive, reliable and 
has an excellent high frequency response [Lavoie and Pollard, 2003]. Two dimensional 
turbulent velocity measurements are normally carried out with either single normal and 
inclined hot-wire probes or with a dual sensor probe with two wires placed in an X- 
configuration [Bruun, 1995]. In the present experiments, the parameters of the turbulent
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
flow at three different Reynolds numbers are measured using a Dantec single, normal 
hot-wire probe of 55P11 type along with a Dantec single, inclined hot-wire probe of 
55P12 type. Both of the sensors are platinum-plated tungsten wires of 5 /an diameter and 
1.25 mm length. The measurements are first conducted using the single, normal hot-wire 
in order to measure the stream-wise parameters of the turbulent flow. Then measurements 
are continued using the single, inclined hot-wire at two different angles 
(+45°a n d -45°relative to the stream-wise direction) in order to measure the lateral 
turbulent rms velocity fluctuation.
4.2.2. Temperature Sensor Probe
Since performance of a hot-wire anemometry system is based on heat transfer 
between hot-wire sensor and fluid, temperature of the fluid during the experiment can 
affect the measurements significantly. In the present experiments, a temperature sensor 
probe is used simultaneously with the hot-wire probe to monitor the temperature of the 
fluid during measurements. The results are then modified based on the difference 
between the calibration and measurement temperatures.
4.2.3. Hot-Wire Anemometer
The hot-wire anemometer used in the current experimental setup is a Dantec 
Streamline anemometer installed within a Dantec 90N10 frame. The anemometer has 
three input modules, two of which are hot-wire probe inputs and the other one is the 
temperature probe input. The output voltage range of the anemometer is 0 to 10 volts.
4.2.4. A/D Bar and Personal Computer
The anemometer output voltage, which is an analog signal, should be converted to 
digital data by means of an A/D board. The A/D bar used in the current experimental 
setup is a National Instrument AT-MIO-16E-10 analog to digital converter with a 12-bits 
resolution. The A/D bar is installed in a PC which has a Pentium III CPU processor, 64 
MB of RAM and 80 GB of Hard Drive memory. The Stream-Ware package version 2.08 
is installed on the PC which monitors the output of the anemometer during both 
calibration and data acquisition processes.
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4.3. Calibration of Hot-Wires
The hot-wire probes should be calibrated based on a standard velocity before each 
set of experiments. The output of the anemometer is a voltage signal which corresponds 
to the instantaneous velocity of the turbulent flow. The purpose of the calibration process 
is to establish a correlation between the flow velocity and the output voltage monitored 
by the anemometer. Since changes in the environmental conditions influence the response 
of the hot-wire sensor to the velocity, the calibration process should be repeated right 
before each set of experiments.
The calibration facility used in the current work includes a nozzle which produces 
jet flow of low turbulence level. The circular cross-section of the nozzle has a 2.5 cm 
(1 in) diameter and the velocity of the jet flow generated by the nozzle can be adjusted 
using a valve. The nozzle is capable of producing flow velocities between 0 to 20 m/s.
During the calibration process, the hot-wire probe, attached to the probe holder, is 
subjected to the jet flow at a very close distance from the nozzle exit, where the 
turbulence level is very low. A Pitot-static tube is installed close to the hot-wire probe 
and is connected to a manometer with the resolution of 0.001 in W. Figure 4.3.1 shows 
the calibration setup. The Pitot-static tube measures the flow velocity in order to be used 
as a standard velocity and the hot-wire probe along with the anemometer gives an output 
voltage corresponding to the flow velocity. The process is repeated for different flow 
velocities, over a range which is wide enough to include all of the velocity fluctuations. 
At the end of the calibration process, a curve should be fitted to correlate the velocities, 
measured by the Pitot-static tube, and the anemometer output voltage. Figure 4.3.2 
depicts a sample curve-fit which correlates the flow velocity and the corresponding 
output voltage. This curve is used to convert the raw experimental data, which are output 
voltages from the hot-wire anemometry system during data acquisition, to the 
corresponding instantaneous velocities.
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Figure 4.3.2: A sample curve-fit which correlates the flow velocities to the corresponding
output voltages.
4.4. Scope of the Experiments
In the present work, the focus of the experiments is the study of turbulence 
distortion as the flow is contracted between two half cylinders located on the side walls
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of the wind tunnel and a full cylinder which is installed in between, spanning the height 
of the wind tunnel test section. Figure 4.4.1 shows the top schematic view of the 
cylinders in the wind tunnel. The dashed line presents the perforated plate and the arrows 
show the direction of the flow in the wind tunnel. As can be seen, the cylinders are of
15.2 cm (6 in) diameter (D) and are located 152.4 cm (60 in) or 40d  downstream of the 
perforated plate. This provides a nominal 40% blockage at the cylinder midpoint, 40d  
downstream from the perforated plate.






Figure 4.4.1: The top schematic view of the cylinders installed in the wind tunnel.
The nominal value of the mean free-stream velocity was measured by a Pitot- 
static tube situated 10d  upstream from the perforated plate and was set at 5 m/s, 6.5 m/s 
and 8.5 m/s. The mean flow velocity was confirmed to remain within ±0.2 m/s over the 
cross-sectional area considered, based on hot-wire measurements during the test. These 
flow velocities resulted in Reynolds numbers of 12,000, 17,000 and 22,000, based on the 
diameter of the perforated plate (d). The hot-wire probe was installed on a traversing 
system and the flow measurements were recorded at 49 points over a 15.2 cm by 15.2 cm 
(6 in by 6 in) square grid at 152.4 cm (60 in) or 40d  downstream from the perforated 
plate in the working section of the wind tunnel.
To examine the effect of distortion on the perforated plate turbulence, the 
experiments were carried out in the empty wind tunnel, without the blockage of the 
cylinders. The measurements were then repeated over the same grid in the gap between 
the right (looking downstream) half-cylinder and the middle cylinder, when the cylinders 
were installed in the wind tunnel. Figure 4.4.2 shows the actual cross-sectional view of 
the full cylinder and the half cylinders on the sides, installed in the wind tunnel. Figure 
4.4.3 illustrates the cross-sectional schematic view of the measured grid area between the 
full and half cylinders, looking downstream. Velocity data were acquired over 26.2
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seconds at a sampling rate of 40 kHz, resulting in 1,048,576 samples collected per point 
(sampling number, N=  1,048,576).
Figure 4.4.2: The cross-sectional view of the full and half cylinders installed in the
wind tunnel, looking downstream.
7.62cm
+ + + + + +  
+ + + + + +  




Figure 4.4.3: The cross-sectional schematic view of the measured area between the full
and half cylinders, looking downstream.
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4.5. Analysis and Post-Processing of the Raw Experimental Data
Experimental velocity traces acquired by the hot-wire anemometry unit were 
processed to calculate some of the parameters which characterize the turbulent flow over 
the measured area. The experimental data was recorded as output voltages of the hot-wire 
anemometry system. These voltages were converted to instantaneous velocities based on 
the calibration curve-fit which establishes a correlation between instantaneous velocity 
and output voltage of the hot-wire anemometer. Subsequently, the other parameters like 
mean velocity, turbulent root mean square (rms) velocities and turbulence scales were 
deduced from instantaneous velocities. The mean velocity of the turbulent flow, Umean, is 
calculated as
where Ul is the stream-wise instantaneous velocity and N  is the sampling number i.e. 
number of samples collected at each point (N= 1,048,576).
The turbulent rms velocity in the stream-wise direction, u, is calculated as the 
standard deviation of the stream-wise instantaneous velocity samples. So, we have
In the same way, the lateral component of turbulent rms velocity, v, is calculated.
The turbulence decay can be characterized by the turbulence dissipation rate, 
which is the rate of turbulence kinetic energy decay from large eddies to the smaller 
scales. The stream-wise turbulence dissipation rate, e , is estimated using the Taylor’s 
frozen turbulence hypothesis in which information in the time domain is transferred into 
the space domain [Tennekes and Lumley, 1972],
which in the discrete form can be written as
^ m e a n  ^  \ (4.5.1)
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where s  is turbulence dissipation rate, ju is the kinematic viscosity of air 
( / /  =  1.5 x 10-5 m2 /s ) and At (=1/ sampling rate= 1/40,000 s) is the time between two 
consecutive samples. Note that the validity of Taylor’s frozen turbulence hypothesis may 
be debatable, especially under the influence of distortion.
The smallest scales of the turbulent flow are determined by turbulence viscous 
dissipation and can be characterized by the Kolmogorov scale. The stream-wise 
Kolmogorov length scale is defined as
These Kolmogorov scales are statistically independent of the large scales and are 
locally isotropic even in the case of anisotropic turbulence [Van Atta, 1991].
The largest scales of the turbulent flow, which contain a large portion of the 
turbulence energy, are characterized by the integral scales. The integral length scale of 
the turbulent flow in the stream-wise direction, Ax, is estimated from
where Ax(t) is the stream-wise turbulent velocity fluctuation auto-correlation factor, 
which is defined as
(4.5.5)
£
A x = U mean j Ax(x)dt, (4.5.6)
o
A (_} m ) - u megn) m + T ) - u mem) 
(U(t)-Umean)2
(4.5.7)
and can be written in discrete form as
(Um - U mean)(U, f  mean )
1 N
- ' Y i u - u  )2





A X =UmeanA t Y , Ax(k), (4.5.9)
where k = 1 to N  and M = N  - (k -1).
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A program has been developed in MATLAB version 6.5.0 to post-process the raw 
experimental data and to give the values of the relevant parameters. The details of this 
program are given in Appendix B.
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RESULTS AND DISCUSSION
The experimental results are presented and explained in this Chapter. The effects 
of turbulence distortion on mean velocity and turbulent rms velocities are described in 
Section 5.1, while the effects of distortion on turbulence dissipation rate and turbulence 
large and small scales are presented and discussed in Section 5.2. Finally, Section 5.3 
presents a brief comparison between the experimental results and theoretical models 
described in Chapter 3.
5.1. Distortion Effects on the Mean Velocity and Turbulence Intensities
The mean velocity profiles at Reynolds number of 12,000 (based on the diameter 
of the perforated plate holes), 17,000 and 22,000 are shown in Figures 5.1.1, 5.1.2 and
5.1.3, respectively. To achieve these Reynolds numbers the nominal velocity of the wind 
tunnel was fixed at 5 m/s, 6.5 m/s and 8.5 m/s, respectively. As it can be seen in all of the 
cases, the mean velocity has increased by about 70% in the presence of the cylinders. 
This behaviour is consistent with the conservation of mass which predicts a rapid 
increase in the average velocity of the flow equal to the inverse of the contracting passage 
area ratio [Spencer et al., 1995]. In addition, the mean velocity contours appear to line up 
parallel to the cylinders with the largest increases in Umean close to the cylinders. The 
higher acceleration of the flow close to the surfaces is due to the effects of inverse 
pressure gradient.
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Figure 5.1.1: Mean velocity profiles, Red=12,000; (a) undistorted flow without the 
cylinders, (b) distorted flow between the cylinders.
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Figure 5.1.2: Mean velocity profiles, Red=17,000; (a) undistorted flow without the 
cylinders, (b) distorted flow between the cylinders.
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Figure 5.1.3: Mean velocity profiles, Red =22,000; (a) undistorted flow without the 
cylinders, (b) distorted flow between the cylinders.
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The stream-wise rms velocity profiles at the Reynolds number of 12,000, for the 
flow without and with blockage of cylinders, are shown in Figures 5.1.4(a) and 5.1.4(b), 
respectively. The stream-wise rms velocity seems to decrease in the middle of the 
measured area and in the vicinity of the half cylinder, but is increased close to the full 
cylinder.
To better illustrate this, the ratio of distorted to undistorted stream-wise rms 
velocities, ru( = ud/u0), is plotted in Figure 5.1.5. We see that the stream-wise turbulence 
is attenuated in the white region (up to 10%), while it is amplified up to 10% in the 
vicinity of the full cylinder. In the middle part of the measured area (closer to the full 
cylinder), it seems that there is a balance between the effects of half and full cylinders, 
where the stream-wise turbulence is unchanged. It should be noted that there is an 





Figure 5.1.4: Stream-wise rms velocity profiles, Red=12,000; (a) undistorted flow 
without the cylinders, (b) distorted flow between the cylinders.
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Figure 5.1.5: Ratio of distorted to undistorted stream-wise turbulent rms velocity,
ru(=ud/u0), Rerf=12,000.
Figure 5.1.6 shows the corresponding stream-wise rms velocity profiles for 
Rerf=17,000. Again, the stream-wise rms velocity seems to decrease in the middle of the 
measured area and in the half area close to the half cylinder. The decrease is most 
significant near the half cylinder, where the stream-wise rms velocity is decreased up to 
10%. On the other hand, the stream-wise rms velocity is increased up to 20% close to the 
full cylinder, see Figure 5.1.7. Far from the M l cylinder, it seems that there is a balance 
between the effects of the half and M l cylinders, where the stream-wise turbulence is 
unchanged. Comparison of Figures 5.1.5 and 5.1.7 indicates that the distortion effect on 
the stream-wise turbulence is promoted (especially in vicinity of the M l cylinder) as the 
Reynolds number is increased from 12,000 to 17,000.
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Figure 5.1.6: Stream-wise rms velocity profiles, Re^=17,000; (a) undistorted flow 
without the cylinders, (b) distorted flow between the cylinders.
y (cm)
Figure 5.1.7: Ratio of distorted to undistorted stream-wise turbulent rms velocity,
ru( = ud/u0), Red=17,000.
The corresponding undistorted and distorted stream-wise rms velocity profiles for 
the Reynolds number of 22,000 are portrayed in Figures 5.1.8(a) and 5.1.8(b), 
respectively. As can be seen, the behaviour of stream-wise turbulent rms velocity is 
qualitatively similar to that of the flow with lower Reynolds numbers (Red=12,000 and 
Red=17,000). The stream-wise rms velocity seems to decrease in the middle of the 
measured area and in the half area close to the half cylinder. The decrease is most 
noticeable close to the half cylinder, where the stream-wise rms velocity is decreased up
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to 15%. On the other hand, the stream-wise rms velocity is increased up to 80% close to 
the full cylinder, as shown in Figure 5.1.9. Again, far from the full cylinder, it seems that 
there is a balance between the effects of half and full cylinders, where the stream-wise 
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Figure 5.1.8: Stream-wise rms velocity profiles, Re^ =22,000; (a) undistorted flow 






Figure 5.1.9: Ratio of distorted to undistorted stream-wise turbulent rms velocity,
r u ( = u d / u o \  Rerf =22,000.
The behaviour of the stream-wise turbulence close to the full cylinder, although 
qualitatively similar, is quantitatively different for the various Reynolds numbers 
considered. It appears that the stream-wise turbulence is amplified more as the Reynolds
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number increases. For the Reynolds numbers of 12,000 and 17,000 the amplification of 
the stream-wise turbulence is limited to maximum 10% and 20%, respectively. But as the 
Reynolds number increases to 22,000 the stream-wise turbulent rms velocity increases up 
to 80%. In the vicinity of the half cylinder on the other hand, the behaviour of the stream- 
wise turbulence seems not to be very dependent on the Reynolds number and for all of 
Reynolds numbers an attenuation of maximum 10% to 15% is observed.
The corresponding lateral rms velocities for the turbulent flow ( Re =12,000) 
without blockage of the cylinders and over the area between the full and half cylinders, 
are shown in Figures 5.1.10(a) and 5.1.10(b), respectively. The lateral turbulent rms 
velocity turns out to show an identical behaviour close to the half and full cylinders, it 
increases during distortion. The increase seems to be consistent over the whole area 
between hill and half cylinders, although it appears to be slightly more significant near 
the cylinders.
To see this better, the corresponding ratio of distorted to undistorted lateral rms 
velocities, rv ( = vd /v0), is presented in Figure 5.1.11. As depicted, lateral turbulence is 
amplified between less than 15% to about 25% as the flow is distorted between the 
cylinders. According to possible uncertainties inrv (±13%) the mentioned increase can 
be considered approximately consistent over the measured area. The amplification of 
lateral turbulence through contractions is predicted by various turbulence distortion 
theories [Prandtl, 1933; Ribner and Tucker, 1953; Batchelor and Proudman, 1954] and is 
reported by some experimental studies [Uberoi, 1956; Reynolds and Tucker, 1975].
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(a) (b)
Figure 5.1.10: Lateral rms velocity profiles, Re,,=12,000; (a) undistorted flow without
the cylinders, (b) distorted flow between the cylinders.
Figure 5.1.11: Ratio of distorted to undistorted lateral turbulent rms velocity,
rA  = vd /vo)> Red=12,000.
The corresponding lateral rms velocity profiles for the undistorted and distorted 
turbulent flows (Rerf=17,000) are presented in Figures 5.1.12(a) and 5.1.12(b), 
respectively. As can be seen, again the lateral turbulent rms velocity shows a similar 
behaviour close to the half and full cylinders. The lateral rms velocity increases about 
10% to 40% in the measured area, see Figure 5.1.13. The increase appears to be more 
significant close to the cylinders, although due to possible measurement errors in rv 
(±8.8%) the mentioned increase can be assumed approximately consistent over the
58
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measured area. The amplification of lateral turbulence in contracting areas is predicted 
and observed by various theoretical and experimental studies. Comparison of Figures 
5.1.11 and 5.1.13 shows that this amplification, especially close to the full cylinder, 
becomes slightly more significant as the Reynolds number increases from 12,000 to
17,000.
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Figure 5.1.12: Lateral rms velocity profiles, Re^=17,000; (a) undistorted flow without 
the cylinders, (b) distorted flow between the cylinders.
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Figure 5.1.13: Ratio of distorted to undistorted lateral turbulent rms velocity,
rv (  = v d /v0), Red=17,000.
The corresponding lateral rms velocities for the undistorted and distorted 
turbulent flows with Rerf =22,000, are depicted in Figure 5.1.14(a) and 5.1.14(b),
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respectively. As can be observed, again the lateral rms velocity increases in the measured 
area. The increase is most significant close to the full cylinder, where the lateral rms 
velocity is increased up to two times. On the other hand, the minimum increase (less than 
20%) happens close to the full cylinder, see Figure 5.1.15. The full and half cylinders 
have identical qualitative but different quantitative effects on the lateral turbulence for 
Re^ =22,000. In the middle of the measured area, it seems that there is a balance between 
the effects of the half and full cylinders, where the lateral turbulence is amplified about 
20%.
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W z - y t  V
r ' e s r "  V . /
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Figure 5.1.14: Lateral rms velocity profiles, Rerf =22,000; (a) undistorted flow without 
the cylinders, (b) distorted flow between the cylinders.
15 S
Y (cm)
Figure 5.1.15: Ratio of distorted to undistorted lateral turbulent rms velocity,
rv( = vd / v 0), Rerf =22,000.
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The behaviour of the lateral turbulence close to the full cylinder, although 
qualitatively similar, is not the same for different Reynolds numbers. It seems that the 
lateral turbulence is amplified more as the Reynolds number increases. For the Reynolds 
numbers of 12,000 and 17,000 the amplification of the stream-wise turbulence is limited 
to 20% and 40% maximum, respectively. But, as the Reynolds number increases to
22,000, the lateral turbulent rms velocity increases up to 100% close to the full cylinder. 
In the vicinity of the half cylinder on the other hand, the behaviour of the stream-wise 
turbulence seems not to be very sensitive to the Reynolds number and for all Reynolds 
numbers the lateral turbulence is amplified around 20% close to the half cylinder. Here it 
should be noted that in most of the measured area, especially far from the frill cylinder, 
the effect of distortion on the turbulent rms velocities is less significant than the influence 
on the mean velocity. In other words, the relative turbulence intensity (ratio of turbulent 
rms to mean velocities) is not conserved during distortion.
Behaviour of the turbulent flow through distortion can be qualitatively explained 
based on the concept of vortex tubes, using a three-orthogonal-vortex tube model. This 
concept was already discussed in Chapter 3 (Figure 3.5.2) and we avoid duplication in the 
current chapter. Figure 5.1.16 illustrates a schematic top view of the wind tunnel. Three 
orthogonal vortex tubes are shown passing through the cylinders. It should be noted that 
the size of the vortex tubes, shown in Figure 5.1.16, are enlarged for illustrative purposes. 
Away from the full cylinder, vortex tube x is elongated and vortex tube y  is compressed 
as the flow is accelerated between the cylinders. Vortex tube z is considered to remain 
unchanged as the flow passes through the cylinders. As vortex tube x is elongated, it 
rotates faster due to the conservation of angular momentum. Consequently, the lateral 
component of turbulent fluctuation increases during distortion of the turbulent flow. On 
the other hand, vortex tube y  is compressed and therefore it rotates more slowly due to 
the conservation of angular momentum. As a result, the stream-wise turbulent fluctuation 
which contributes to rotation of the vortex tube y  is attenuated. The mentioned effects are 
more significant close to the surfaces, which corresponds to higher acceleration of the 
flow close to the surfaces due to inverse pressure gradient. The amplification of the 
lateral turbulent fluctuations and attenuation of the stream-wise fluctuations through a
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contracting passage is the type of behaviour which is usually proven through many 




Figure 5.1.16: Schematic view of behaviour of vortex tubes in vicinity of the cylinders.
But in the present study, the stream-wise turbulence shows a different behaviour 
in the vicinity of the full cylinder. The stream-wise turbulence is amplified in the vicinity 
of the full cylinder, while it is attenuated close to the half cylinder (Figures 5.1.5, 5.1.7 
and 5.1.9). In other words, the full and half cylinders have different effects on the 
distortion of turbulent flow, which is due to the different geometry of the flow in the 
proximity of the full cylinder. Figure 5.1.17 illustrates the geometry of the flow through 
the cylinders. In the proximity of the half cylinder, the flow is bounded and limited by the 
wind tunnel wall and is guided through the contraction. On the other hand, upstream from 
the full cylinder the flow is divided into two parts, passing on the sides of the full 
cylinder. The divergence of the flow around the full cylinder results in elongation of 
vortex tube y  before passing through the contraction (Figure 5.1.16). Although vortex 
tube y  is compressed through the contraction, the elongating effect is dominant in the 
proximity of the full cylinder and results in amplification of the stream-wise turbulent 
rms velocity in that area. Therefore, the behaviour of the stream-wise turbulent rms 
velocity in the measured area is a combination of two different effects from the half 
cylinder and the full cylinder. The divergence of flow upstream of the full cylinder and
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subsequent elongation of the vortex tube y  takes place more strongly at larger Reynolds 
numbers (higher flow velocities). As a result, the amplification of the stream-wise 
turbulence close to the full cylinder becomes more significant as the Reynolds number 
increases. It should be noted that Figure 5.1.17 illustrates a potential flow, where the flow 
is assumed to be inviscid.
flow divergence 
region
Figure 5.1.17: Schematic view of inviscid flow through the cylinders.
As previously mentioned, there are many experimental studies on turbulence 
distortion through contractions. The experimental results of Uberoi [1956] and Reynolds 
and Tucker [1975] are presented and compared with the current measurements in Table 
5.1.1.
Uberoi [1956] studied the effect of axisymmetric contractions on a grid-generated 
turbulent flow. The experiments were conducted in a 61 cm by 61 cm wind tunnel. The 
mean speed at the entrance of the wind tunnel was 1.1 m/s and a grid size of 5.1 cm was 
used, resulting in a Reynolds number of 3,710 based on the mesh size. Standard hot-wire 
techniques were used for the measurements.
Reynolds and Tucker [1975] investigated the response of grid-generated 
turbulence as it was distorted through different types of contracting ducts. The results 
which are presented here correspond to an axisymmetric duct. A grid size of 1.7 cm was 
used and all of the tests were carried out at nominal flow velocity of 6.1 m/s, resulting in
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a Reynolds number of about 7,000 based on the mesh size. Again, hot-wire anemometry 
was used for all of the measurements.
In Table 5.1.1, the results for the ratio of distorted to undistorted turbulent rms 
velocities ( ru and rv) are presented. The single point measurements of Uberoi [1956] and 
Reynolds and Tucker [1975] correspond to the centre of the duct cross-section at which 
the contraction area ratio is about 1.67, same as the contraction area ratio used in the 
present work. The stream-wise turbulence is attenuated close to the half cylinder and 
amplified in the vicinity of the full cylinder. The minimum values ofrK, which correspond 
to the area close to the half cylinder, are in good agreement with experiments of Uberoi 
[1956] and Reynolds and Tucker [1975], In other words, in the area far from the 
diverging influence of the full cylinder on the flow (where the effect of contraction 
dominates), the results seem to be consistent. The results for rv are in qualitative 
agreement with measurements of Uberoi [1956] and Reynolds and Tucker [1975], while 
the minimum values match well. Here it should be noted that the present experiments are 
carried out in a 2-D cylindrical contraction which is different from the axisymmetric 
contractions used by Uberoi and by Reynolds and Tucker. Furthermore, the Reynolds 
numbers and grids which are used are different. Therefore, only a qualitative agreement 
is expected from these comparisons.
Since the contraction used for the experiments in the present work consists of two 
half cylinders and a full cylinder, it may be useful to compare the current results with the 
measurements of Britter et al. [1979] who studied the distortion of turbulent flow around 
a circular cylinder (Table 5.1.2). In the mentioned study, turbulence was generated using 
grids and experiments were set up in a 45 cm by 45 cm wind tunnel, using a constant 
temperature hot-wire anemometry unit. All of the measurements were carried out at a 
nominal incident velocity of 10 m/s. It should be noted that the diameter of the cylinder, 
D, and flow velocity used by Britter et al. are different from those used in the current 
work. Also, the mesh size and consequently turbulence integral scales are not similar. As 
a result, one can expect a mainly qualitative comparison. The values of the present work 
are the average of data points measured at 0.2577 (3.8 cm) away from the surface of the 
cylinder. The corresponding results of Britter et al. are related to a single point measured 
at 0.2D  (0.41 cm) away from the cylinder’s surface. As can be seen, the results for the
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ratio of distorted to undistorted turbulent rms velocities ( ru and rv) are in qualitative 
agreement.
Table 5.1.1: Comparison of present results with some available experimental data on 
turbulence distortion through contractions.
Re r u (=ud !u0) r v ( =Vd / v 0)
Present Work 12,000 H1
<3\
O8 * 1.1 -1.25
Present Work 17,000 *0.85 -1.2 * 1.1 - 1.5
Present Work 22,000 *0.86 -1.8 * 1.2-2
Uberoi [1956] 3,710 *0.87 * 1.12
Reynolds and Tucker [1975] 7,000 *0.85 * 1.09
Table 5.1.2: Comparison of present results with available experimental data on
turbulence distortion by a cylinder.
Re D (cm) Unom (m/s) A* (cm) r u rv
Present Work 12,000 15.24 5 *3.3 *1.08 *1.15
Present Work 17,000 15.24 6.5 *3.3 *1.22 *1.34
Present Work 22,000 15.24 8.5 *3.3
O
OXX *2 '
Britter et al. [1979] 8,500 2.06 10 *0.55 *1.45 *1.18
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5.2. Distortion Effects on the Dissipation Rate and Turbulence Scales
As previously mentioned, the stream-wise turbulence dissipation rate, s , can be 
approximated using Taylor’s frozen turbulence hypothesis (Equations (4.5.3) and
(4.5.4)). It should be noted that turbulence dissipation rate corresponds to the small scales 
of turbulent flow and consequently is the same for all directions [Van Atta, 1991]. The 
stream-wise turbulence dissipation rate for the flow with Reynolds number of 12,000, as 
plotted in Figure 5.2.1, decreases by about 6% to 15% as the flow is squeezed by the 
cylinders, portraying that the rate of turbulence decay decreases as the turbulent flow is 
distorted. Figures 5.2.2 and 5.2.3 also depict undistorted and distorted turbulence 
dissipation rate, at Reynolds numbers of 17,000 and 22,000, respectively. Again, 
turbulence dissipation rate decreases around 25% to 35% (Re^=17,000) and 20% to 35% 
(Re^ =22,000) as the flow is accelerated between the cylinders. By comparing the 
turbulence dissipation rate with mean velocity (portrayed in Figures 5.2.1 to 5.2.3), one 
can see the inverse relation between turbulence dissipation rate and mean velocity, as 
Umean increases, s  decreases. The decrease in turbulence decay may also be associated 
with the variations in the small and large eddies in the distorted flow. The elongation of 
eddies can postpone the transfer of energy from large structures to the smaller eddies and 
therefore reduces the rate of turbulence dissipation. Therefore, changes in the size of 
eddies are of significant interest.
As has been explained, the turbulence dissipation rate turned out to decrease 
during distortion for all of the Reynolds numbers. From comparison of Figures 5.2.1,
5.2.2 and 5.2.3, it seems that the decrease is more significant for Reynolds numbers of
17.000 and 22,000 (up to about 35%) compared to the flow with Reynolds number of
12.000 (up to around 15%).
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Figure 5.2.1: Dissipation Rate ( m2 /.s,3),Rerf=12,000; (a) undistorted flow without the 








Figure 5.2.2: Dissipation Rate (m 2 / .v3),Red=17,000; (a) undistorted flow without the 
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Figure 5.2.3: Dissipation Rate (m 2 / s 3),Red =22,000; (a) undistorted flow without the 
cylinders, (b) distorted flow between the cylinders.
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The corresponding stream-wise Kolmogorov length scales for Re^=12,000, 
Rerf=17,000 and Re^ =22,000 are shown, respectively, in Figures 5.2.4, 5.2.5 and 5.2.6. It 
is known that the Kolmogorov length scale, as the smallest turbulence scale, is isotropic 
even in an anisotropic turbulent flow [Van Atta, 1991]. As a result, the values presented 
here are not related to any specific direction. These Figures illustrate that the small 
Kolmogorov scales increase about 2% to 5% (Red=12,000), 7% to 11% (Red=17,000) 
and 6% to 15% ( Re d =22,000), as the flow passes through the contraction. The increase in 
Kolmogorov length scale, which is associated with the corresponding decrease in 
turbulence dissipation rate, is consistent with the inverse correlation between 
Kolmogorov length scale and turbulence dissipation rate (Equation (5.1.5)).
The enlargement of the small turbulence structures turns out to be more 
significant for higher Reynolds numbers. At least, the enlargement of Kolmogorov length 
scale at Reynolds numbers of 17,000 (about 7% to 11%) and 22,000 (around 6% to 15%) 
appears to be more significant compared to the corresponding increase at the Reynolds 
number of 12,000 (approximately 2% to 5%). Furthermore, comparison of Figures 
5.2.4(a), 5.2.5(a) and 5.2.5(a) shows that the current results are consistent with the fact 
that the Kolmogorov length scale of a turbulent flow decreases with Reynolds number.
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Figure 5.2.4: Kolmogorov length scale (mm), Rerf =12,000; (a) undistorted flow without






Figure 5.2.5: Kolmogorov length scale (mm), Red=17,000; (a) undistorted flow without 







Figure 5.2.6: Kolmogorov length scale (mm), Rerf =22,000; (a) undistorted flow without 
the cylinders, (b) distorted flow between the cylinders.
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Figures 5.2.7 to 5.2.9 show the stream-wise large length scale for the Reynolds 
numbers of 12,000, 17,000 and 22,000. The integral length scale increases significantly, 
between about 2 to 10 times, especially in the region close to the half cylinder. 
The A  x contours are lined up parallel with the cylinders. This behaviour is consistent with 
the results for mean velocity profile, as shown in Figures 5.2.1(b) to 5.2.3(b). When 
Umean is high, A^is also high, as portrayed by Equation (5.1.6). The significant increase in
the stream-wise integral length scale is related to the fact that the contraction of the flow 
causes the large eddies (which are completely affected by the flow geometry) to elongate 
in the stream-wise direction [Goldstein & Durbin, 1980]. Here, it should be noted that the 
inverse energy transfer (from small to large scales) [Babiano and Dubos, 2005] may also 
contribute to the significant enlargement of the turbulence structures. The effect of 
distortion on the large scales (integral scales) of the turbulent flow is comparably more 
significant relative to the influence on the small scales (Kolmogorov scales) and it shows 
that the large structures of a turbulent flow are more sensitive to the geometry of the 
flow.
Comparison of Figures 5.2.7, 5.2.8 and 5.2.9 indicates that the effect of distortion 
on the large turbulence scales (integral length scales) does not have a significant relation 
with the flow Reynolds number. It seems that the change in the size of the large eddies 
during distortion is mostly dependent on the geometry and size of the contracting 
passage. Besides, comparison of Figures 5.2.7(a), 5.2.8(a) and 5.2.9(a), which present the 
profiles of undistorted integral length scales, shows that the size of the large structures in 
a perforated-plate turbulent flow depends more on the diameter of the plate holes (here, 
<i=3.8 cm) rather than the Reynolds number or other flow parameters.
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Figure 5.2.7: Stream-wise integral length scale (cm), Rerf=12,000; (a) undistorted flow
without the cylinders, (b) distorted flow between the cylinders.
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Figure 5.2.8: Stream-wise integral length scale (cm), Rerf=17,000; (a) undistorted flow 
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Figure 5.2.9: Stream-wise integral length scale (cm), Red =22,000; (a) undistorted flow 
without the cylinders, (b) distorted flow between the cylinders.
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As mentioned, it turns out that elongation and enlargement of the integral length 
scales depend on the geometry and dimensions of the contracting passage. Figure 5.2.10 
demonstrates a large structure in the turbulent flow which is elongated in the stream-wise 
direction, close to the cylinder. One can observe that the maximum elongation of a large 
eddy should be related to the same order of magnitude as the cylinder’s size. Here we can 
consider the perimeter of the cylinder or half of the perimeter as the characteristic size. 
The perimeter of the cylinders used in the current experiments (D  = 15.24 cm) is around 
48 cm and therefore half of the perimeter is about 24 cm. Comparison of this 
characteristic dimensions with the maximum measured integral length scales during 
distortion (say about 30 cm) may roughly justify and explain the enormous enlargement 
of the stream-wise integral length scales.
Large scale structure
Figure 5.2.10: Elongation of the turbulence large structures close to the cylinders.
It may also be useful to evaluate and examine the measured values of the integral 
and Kolmogorov length scales, based on a known correlation. It is known that the ratio of 
the Kolmogorov to the integral length scales should be roughly related to the Reynolds 
number which is defined based on the turbulent rms velocity and integral length scale. 
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For the case of undistorted turbulent flow, assuming the characteristic values of 
77» 0.24 mm, Ax -3.4 cm and u ~ 0.18 m/s, we have,
—  « 0.007, (5.2.2)
A*
and also
( ^ L ) -3/4 * o .0 1 1 .  (5 .2.3)
V
As can be seen, the corresponding values for the ratio of Kolmogorov to integral
length scale ( 77/ Ax) and (— -)~3/4are related to the same orders of magnitude. The same
v
evaluation can be also carried out for the case of distorted turbulent flow. Assuming the 
characteristic values of 77 * 0.25 mm, A x » 10 cm and u » 0.17 m/s, we can write
-2 -«  0.003, (5.2.4)
A*
and also
( ^ ) - 3/4 * 0.005. (5.2.5)
v
Again, as it can be seen, the values o f t j /Ax and (— -)~3/4 correspond to the same
v
orders of magnitude.
5.3. Comparison with Theory
In this section, some of the present measurements are compared with the
theoretical models developed by Prandtl [1933], Taylor [1933], Ribner and Tucker
[1953], Batchelor and Proudman [1954] and also the vortex tube model (A and B). As 
explained in Chapter 3, these theories approximate the ratios of distorted to undistorted 
turbulence intensities (ru andrv) as a turbulent flow passes through a contraction. There 
are some limitations associated with the mentioned theoretical models. It is assumed in 
all of these models that the viscosity of the fluid is negligible. Besides, Taylor’s [1933], 
Ribner and Tucker’s [1953] and Batchelor and Proudman’s [1954] models assume that 
the initial (undistorted) turbulence is homogeneous and isotropic. These three models also 
assume that the process of distortion takes place much more quickly than the phenomena
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in the turbulent flow. In other words, it is assumed that the contracting passage is so rapid 
that the characteristic time of distortion is much shorter than the turbulence characteristic 
time.
In comparison of the current experimental results with the theoretical models, the 
mentioned restrictions should be considered. Looking into the profiles of u0 and v0 for all 
of the experiments and with the consideration of possible uncertainties (up to ± 11.4%), it 
can be seen that the values of turbulent rms velocities are approximately consistent over 
the measured area. Therefore, it can be concluded that the turbulent flow in the current 
work is approximately homogeneous. Also, comparison of ua and v0 profiles indicates 
that the corresponding values of u0 and v0are close to each other. Consequently, the 
initial turbulence (before distortion) is close to isotropy. In addition to initial isotropy and 
homogeneity of the turbulent flow, the distortion should be rapid enough to satisfy the 
restrictions of theoretical models developed by Taylor [1933], Ribner and Tucker [1953] 
and Batchelor and Proudman [1954]. The turbulence characteristic time can be defined as 
the ratio of energy containing eddy scale (integral length scale) to turbulent rms velocity 
(A x / u)  [Batchelor and Proudman, 1954], On the other hand, the distortion characteristic 
time scale can be defined as the ratio of a characteristic dimension (e.g. diameter of the 
cylinders, D, in the current work) to the flow mean velocity ( D/ Umean). So, we can write
D (5.3.1)
U u^  mean
Assuming the characteristic values of Umean « 5 m/s for the mean flow velocity, 
A* « 3.4 cm for the integral length scale and m® 0.18m/s for turbulent rms velocity and 
considering that D = 15.24 cm, we have
- 5 - ®  0.03. (5.3.2)
Uw mean
Also, it can be calculated that
^ ® 0 .2 .  (5.3.3)
u
Thus, although the distortion characteristic time ( D /U mean) is not negligible
compared to the turbulence characteristic time (Ax /u),  it is an order of magnitude
smaller. Consequently, we can assume that the current turbulent flow roughly satisfies the
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limitation of the mentioned theories. However, it should be noted that the present 
experiments do not satisfy one of the most important restrictions of the mentioned 
theoretical models: all these theories (other than vortex tube model B) assume that the 
contracting passage is an axisymmetric contraction, while the present experiments 
investigate turbulence distortion through a cylindrical (two-dimensional) contraction. The 
vortex tube model B assumes that the contracting passage is two-dimensional. In a 
cylindrical contraction the flow is contracted in only one direction, but an axisymmetric 
contracting passage symmetrically squeezes the flow perpendicular to the stream-wise 
direction. Consequently, the following comparison (Table 5.3.1) is only a mainly 
qualitative one, especially for the lateral direction (rv). As can be seen in Table 5.3.1, the 
minimum measured values of ru are in fair agreement with the theoretical estimations, 
while the theories themselves are not in complete consistency. As was mentioned earlier, 
the minimum measured values of ru correspond to the region far from the effect of flow 
divergence, induced by the full cylinder. In other words, far from the full cylinder, where 
the effects of contraction and flow acceleration dominate, the experimental results and 
theoretical estimations for ru agree. But the theories fail to correctly estimate the value of 
ru in the vicinity of the full cylinder. On the other hand, the measured values for rv are in 
qualitative agreement with the theoretical approximations, as shown in Table 5.3.1. In all 
of the cases the lateral turbulence is amplified due to the distortion (rv > 1).
Here it may be also useful to compare the measured and theoretically estimated 
values for the ratio of distorted to undistorted large scales (Table 5.3.2). As explained in 
Chapter 3, the vortex tube model is able to approximate the change in integral length 
scale as the flow is distorted. Here, the vortex tube model is used to estimate the ratio of 
distorted to undistorted stream-wise integral length scales ( ) ,  which is compared with 
the measured values. As shown in Table 5.3.2, the measured value of r^  changes from 3 
to 10 over the measured area. The minimum measured value corresponds to the region far 
from the cylinders, while the maximum value is related to the vicinity of the cylinders. It 
appears that the vortex tube model underestimates the effect of distortion on the stream- 
wise integral length scale, especially close to the cylinders.
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Table 5.3.1: Comparison of the present results with theory, c = 1.67.
r u ( =  u d / u o ) r v ( =  V d / v o )
Present Experiment (Re » 12,000) * 0.9-1.1 * 1.1 -1.25
Present Experiment ( Re » 17,000 ) « 0.85-1.2 * 1.1 - 1.5
Present Experiment ( Re » 22,000 ) * 0.86-1.8 * 1.2-2
Prandtl [1933] 0.60 1.30
Taylor [1935] 0.81 N/A
Ribner and Tucker [1953] 0.79 1.17
Batchelor and Proudman [1954] 0.79 1.17
Vortex Tube Model (A) 0.88 1.11
Vortex Tube Model (B) 0.89 1.16
Table 5.3.2: Change in the stream-wise length integral scale: Comparison of the current
results with the vortex tube model.
r A x ( = A x d ^ A x o )
Present Experiment (Re »12,000) « 3 - 1 0
Present Experiment ( Re »17,000) » 3 -10
Present Experiment ( Re * 22,000) * 3 -10
Vortex Tube Model (A and B) 1.67
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CONCLUSIONS AND RECOMMENDATIONS
The present study focused on the distortion of turbulent flow through a cylindrical 
contraction. The effect of two half cylinders and a full cylinder (D = 15.2 cm), in the 
middle, on the distortion of a perforated-plate turbulent flow was experimentally 
investigated. The nominal flow velocity was fixed at 5 m/s, 6.5 m/s and 8.5 m/s resulting 
in the Reynolds numbers of 12,000, 17,000 and 22,000 based on the diameter of the 
perforated plate’s holes. Besides, some theoretical models were explained and compared 
with the experimental results. This chapter presents a brief review of the most important 
results of the current study. Concluding remarks of the present work are highlighted in 
Section 6.1 and some recommendations for future development of this study are given in 
Section 6.2.
6.1. Concluding Remarks
The following conclusions can be drawn from this study:
• The acceleration of flow between the cylinders is apparent from the significant 
increase (around 70%) in the time-averaged velocity. This increase, caused by 
blockage of the cylinders, is consistent with conservation of mass.
• The stream-wise turbulence intensity seems to have different behaviours in 
interaction with full and half cylinders (the half cylinder is bounded by a wall). In 
the vicinity of the half cylinder, the stream-wise turbulence is attenuated. This 
decrease is 5% to 10% for Re d =12,000, about 10% for Re d =17,000 and around 
15% for Red =22,000. The stream-wise turbulence, on the other hand, is amplified 
close to the full cylinder. The increase is up to 10% for Re^ =12,000, 20% for 
Red =17,000 and 80% for Rerf =22,000. Comparison of the results at three 
different Reynolds numbers indicates that the mentioned behaviour becomes more 
significant as the Reynolds number increases. This type of behaviour may be 
qualitatively explained based on elongation and contraction of vortex tubes in the 
turbulent flow.
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• The lateral turbulence intensity (perpendicular to the stream-wise direction) is 
amplified as the flow is distorted between the cylinders. The increase is 15% to 
25% for Re^ =12,000 and no more than 50% for Re^ =17,000. The lateral 
turbulence shows quantitatively different behaviours in the vicinity of full and 
half cylinders for Rerf =22,000. For the mentioned Reynolds number, the 
amplification is about 20% close to the half cylinder, while it is up to two times in 
the vicinity of the full cylinder. Again, the effect of cylindrical contraction on the 
lateral turbulence may be qualitatively explained based on vortex structures in the 
turbulent flow.
• The rate of stream-wise turbulence dissipation decreases as the flow is accelerated 
and distorted in the cylindrical contraction. This behaviour is most significant 
close to the cylinders. The corresponding stream-wise Kolmogorov length scales, 
which represent the smallest scales of the turbulent flow, are slightly enlarged 
during distortion. Again, the increase is most noticeable in the vicinity of the 
cylinders. The enlargement of the Kolmogorov length scale at Red =17,000 (about 
7% to 11%) and Rerf =22,000 (around 6% to 15%) appears to be more significant 
compared to the corresponding increase at Re^ =12,000 (approximately 2% to 
5%).
• The integral length scale increases drastically (up to 10 times) as the flow passes 
through the cylindrical contraction, especially close to the cylinders. This increase 
is not sensitive to the flow Reynolds number. The values of the integral length 
scale in the undistorted flow are close to the diameter of the perforated plate’s 
holes (<i=3.8 cm), while the corresponding values in the distorted flow appear to 
be related to the cylinder’s size. The enlargement of the large scales can be 
qualitatively explained based on elongation of large structures during distortion.
• The effect of distortion on large scales is much more significant compared to the 
influence on small scales. The integral length scale increases up to 10 times, while
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the enlargement of the Kolmogorov length scale is roughly about 10%. This type 
of behaviour is consistent with the fact that the large scales of turbulent flow are 
very sensitive to the geometry of flow, while the small scales are mainly 
dependent on Reynolds number and level of turbulence.
• In this study, a simple theoretical model was developed based on the concept of 
vortex tubes in turbulent flow. This vortex tube model gives some estimations of 
the behaviour of turbulence during distortion. Besides, some available theories 
developed by Prandtl [1933], Taylor [1935], Reynolds and Tucker [1953] and 
Batchelor and Proudman [1954] were explained in the present work. Some of the 
current experimental results were compared with corresponding estimations of 
these theoretical models. Far from the full cylinder, where the effect of 
contraction and flow acceleration is dominant, the comparison shows a fair 
agreement. But in the vicinity of the full cylinder, the theoretical models failed to 
predict the effect of distortion. It appears that the distortion of turbulent flow 
between cylinders is more complicated than what a simple turbulence distortion 
theory can predict.
6.2. Recommendations for Future Work
The present work leads to some ideas for further study in this field. The follow, 
are some recommendations for improvement and extension of the present study:
• The behaviour of the stream-wise turbulence turned out to be different in the 
vicinity of the full and half cylinders. For future work, it is suggested to remove 
the half cylinders and study the effect of distortion imposed by only the full 
cylinder. In this way, the influence of the full cylinder can be better understood.
• In this study, the stream-wise integral length scale was elongated drastically 
during distortion. It seemed that the integral length scale was enlarged up to the 
size of the cylinder’s perimeter. To better understand this phenomenon and to 
evaluate the validity of this observation, the integral length scale of the initial
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(undistorted) turbulent flow can be changed for future experiments. To achieve 
this, a different perforated plate can be used. Also, cylinders of different 
diameters can be used for the future experimental setups to investigate whether 
the value of the integral length scale during distortion mainly corresponds to the 
cylinder’s size.
• Utilization of a dual sensor hot-wire probe instead of single, normal and single, 
inclined hot-wire probes can save up to two-third of the data acquisition time.
• In the region downstream of the cylinders, the distorted flow interacts with the 
wakes. The pattern of the wake depends on the Reynolds number based on the 
cylinder diameter (ReD). When 300< Re„ <150,000 the wake is in sub-critical 
regime, where there is a strong and periodic vortex shedding downstream of the 
cylinder [Blevins, 1990]. The flow velocities used in the present experimental 
setup resulted in ReD =48,000 to 88,0000 (sub-critical regime). The interaction of 
the distorted turbulence with the vortex shedding from the full and half cylinders 
is a complicated phenomenon, worthwhile of investigation.
• The current work can give some ideas about the distortion of turbulent flow 
between cylindrical tubes of a heat exchanger, as discussed in Chapter 1. 
Although this experimental setup is different from the tube arrays of a heat 
exchanger, it resembles the first row of cylinders in the array. The downstream 
tubes are different due to the added complication of wakes formed by the 
upstream tubes. This may be of interest in a future study.
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APPENDIX A. UNCERTAINTY ANALYSIS
Hot-wires are one of the most reliable and widely used instruments to measure the 
Reynolds stresses and mean velocity components in turbulent flows. It is very important 
to have some knowledge about the uncertainties of the data obtained with hot-wires and 
the calculation procedures involved [Yavuzkurt, 1984]. The uncertainty in the present 
experiments comes mainly from the following sources:
1. Calibration process of the hot-wire probes.
2. Data acquisition process.
3. Data post-processing.
In this appendix the uncertainty associated with the hot-wire measurements is 
calculated and propagation of the error in the following turbulent flow parameters is 
determined.
• Mean velocity uncertainty, Umean.
• The steam-wise turbulent rms velocity, u
• The lateral turbulent rms velocity, v.
• Turbulence dissipation rate, e .
• Kolmogorov length scale, 7 .
• Stream-wise integral length scale, A x.
• The ratio of distorted to undistorted turbulent rms velocities in the stream-wise 
direction, ru .
• The ratio of distorted to undistorted turbulent rms velocities in the lateral 
direction, rv.
Section A.l presents the calculation of the uncertainty which comes from the 
calibration process. Section A.2 explains the calculation of the uncertainty due to the data 
acquisition process and Section A.3 discusses the uncertainty corresponding to data
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reduction. Finally, Section A.4 discusses the propagation of the uncertainties in the 
turbulent flow parameters which are the subject of the present study.
A.l. Hot-Wire Calibration Uncertainty
The uncertainty associated with the calibration process results from the following 
sources:
1. Error which results from the uncertainty in the standard velocity used for 
calibration.
2. Uncertainty due to error in readings.
3. Uncertainty due to misalignment of the hot-wire probe during calibration process.
4. Uncertainty introduced by changes in ambient temperature and pressure during 
calibration process.
5. Error introduced by changes in humidity during calibration process.
The mentioned uncertainty sources are explained in Sections A. 1.1 to A. 1.5. The total 
uncertainty resulting from the calibration process is calculated in Section A. 1.6.
A.1.1. Uncertainty in Standard Velocity
The uncertainty in the standard velocity comes from the Pitot-static tube and 
digital manometer and includes
• Resolution error of the digital manometer, the resolution of the digital manometer 
used in the current experiment is 0.001 in W. So, we have
A™ = ± ^ -  = ±0.0005 in W, (A.1.1)
where Ares is the resolution error of the digital manometer.
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• The accuracy error of the manometer is mentioned by the manufacturer. For the 
manometer used in the present work we have
where Aacu is the accuracy error of the digital manometer.
• Some uncertainty may be the result of misalignment of the Pitot-static tube. This 
uncertainty is considered to be negligible in the present experiments.
Consequently, the total uncertainty of the manometer can be calculated as a 
combination of accuracy and resolution errors, using
where Ap is the total uncertainty resulting from the Pitot-static tube and digital
manometer. The actual reference velocity can be calculated from the Pitot tube pressure 
which is recorded by the digital manometer using
where p w is density of water ( p w = 997 kg/m3), pmr is density of air ( p air =1.18 kg/m3), g 
is gravity (g  = 9.8 m/s2), hwis pressure detected by the manometer (in W) and U is the 
corresponding flow velocity (m/s). The uncertainty resulting from the digital manometer 
is propagated in the standard velocity as
where AUcallis the uncertainty of standard velocity which results from the digital
Substituting Equation (A. 1.4) and dividing both sides by U, the above correlation reduces 
to the following,
Aacu = +0.5 % of full scale (0-1 in W), (A. 1.2)




manometer. According to Equation (A. 1.4) and substituting Equation (A. 1.3), Equation 
(A. 1.5) can be rearranged as
(A. 1.6)
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A | 1.0568
u u2 (A. 1.7)
A. 1.2. Reading Error during Calibration
The other source that contributes to the calibration uncertainty is the reading error 
for the hot-wire anemometry output voltage and flow velocity. To simplify the analysis, 
here the reading error of the output voltage is assumed to be negligible. Since the 
standard velocity is recorded with 3 digit accuracy, the uncertainty in the standard 
velocity due to the reading error is
AUcai ;2 = ±0.0005 m/s. (A. 1.8)
So, the relative uncertainty can be derived as
AE/ca/,2 _ ± 0.0005 (A 1 9)
U U
A.1.3. Error due to Misalignment of the Hot-Wire Probe
Some uncertainty can be introduced by misalignment of the hot-wire probe, during 
calibration process. This uncertainty can be calculated as
A £ /ca;„3 =±_L(1_cosAfl); (A .I.10)
U V3
where A[/ca/ 3is the error from misalignment of hot-wire probe and A# is the angle of
misalignment. Normally a hot-wire probe is positioned with an uncertainty ofA0 = ±l°[ 
Jorgensen, 2002]. Thus, we have
- Ucal3 =±0.000088. (A.1.11)
U
A.1.4. Uncertainty due to Changes in Ambient Temperature and Pressure during 
Calibration Process
Some error can be introduced by the change in ambient temperature and also 
pressure during the calibration process. The change in the operating conditions alters 
resistance of the hot-wire and consequently affects output voltage of the hot-wire 
anemometry system. In the present experiment, the change in the ambient temperature
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and pressure is assumed to be insignificant during calibration process. Therefore the 
mentioned uncertainty is considered to be negligible (A Ucal 4 ~ 0).
A. 1.5. Uncertainty due to Changes in Humidity during Calibration Process
Under normal conditions a change in gas composition is mainly the result of 
humidity variation. The change in the gas composition introduces some uncertainty 
during calibration process which can be calculated as [Jorgensen, 2002]
, 1 1 dU An ,a  i  = i — ■—.------ .APm , (A .I.12)
U S  U dPwv m
where AUcal 5 is the error from changes in ambient humidity, Pwv is the partial pressure of 
water vapour in the air, APWV is the change in the water vapour pressure calibration 
process anddU /dPm is the partial derivative (sensitivity) of the flow velocity with respect 
to the water vapour pressure. The change in water vapour partial pressure can normally 
be considered as APwv »1 Kpa. The sensitivity of the flow velocity to the water vapour 
pressure can also be estimated as dU I dPm = 0 . 0 1 per 1 Kpa [Jorgensen, 2002]. So, we 
have
AUcal'5 =+0.0058. (A. 1.13)
U
A.1.6. Total Uncertainty of Calibration Process
The total calibration uncertainty, Ucal, can be calculated as the combination of 
A U can  t o  A C /
cal \A U call 2 AUcal2 2 ,AUca/j3 2 AUcal,A ■. 2 , £ U « * ,5 , 2= ± (------------- + ( --------------+ ( -----c a ^ y  (----- a ^ y + (-----c a ^_ y  _ (A ,U 4 )
u T u  u u u u
Substituting Equations (A. 1.9) and (A. 1.11) in Equation (A. 1.12) we have
AUcal -  ± 1 0 0 j ( M ^ ) 2 + (-0 0005)2 + (0.000088)2 + 02 + (0.0058)2 %. (A .I .15)u r  u2 ' ' u
This equation can be reduced to
AUca/ 105.7 2 0 .05 ,2
u v  U2 } 1 u= ± (-—j —) +(— )2 +0.3365 %. (A. 1.16)
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A.2. Data Acquisition Uncertainty
A part of the uncertainty in the present experiments comes from the data 
acquisition process. The mentioned uncertainty mainly results from the following 
sources:
1. Uncertainty due to the resolution of A/D (analog to digital) board used for data 
acquisition in the present experiments.
2. Error introduced by uncertainty in the flow velocity of the wind tunnel used in the 
current experimental setup.
3. Error which results from misalignment of the hot-wire probe during data 
acquisition process.
4. Uncertainty resulting from the change in ambient temperature during experiment.
5. Error introduced by variation of ambient pressure during experiment.
6. Error which comes from the change in humidity during data acquisition process.
The mentioned sources and the uncertainty that they introduce in measurement results 
are explained and calculated in Sections A.2.1 to A.2.6. Finally, the total uncertainty 
introduced by the data acquisition process is derived in Section A.2.7.
A.2.1. Uncertainty due to the A/D Bar Resolution
The uncertainty in the digitized hot-wire anemometer output voltage is +1 / 2 of 
resolution of the A/D bar. The A/D board used in the present work is a 12-bit A/D bar 
which means that the resolution is the voltage range divided by212. The output of the 
anemometer which goes to the A/D bar is a voltage signal with a range of 0-10 V. So the 
uncertainty of the output voltage can be calculated as
AE = ±(l/2)x 10/212, (A.2.1)
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where AE is the uncertainty in the output voltage of the anemometer resulting from the 
A/D bar resolution. The corresponding propagated error in the flow velocity can be 
derived as
E ,  (A.2.2)
where A Uacq l is the uncertainty from A/D bar resolution and dU / dE is the derivative of
U, flow velocity, with respect to E, output voltage. During the calibration process a
polynomial (of the order 4) is derived to correlate the output voltage of the hot-wire
anemometry system to the flow velocity. This polynomial can be written as
U = CQ +CxE + C2E 2 +C3E 3 +C4E 4, (A.2.3)
where C 0 to C 4 are constants which are determined by the calibration process before each
experiment. According to Equation (A.2.3), Equation (A.2.2) can be reduced to
A ^ ,  C, -f 2 C 2E  + 3C3£ 2 + 4 C 4E 3 
u c0 + CXE  + C2E 2 + C3E 3 + C4E 4
Based on various calibrations and experiments the following typical values can be
considered: C 0 « -45, Q  «103, C 2 « -80, C 3 » 21, C 4 « 0.00001 and E «1.9 V. According to
these values and Equation (A.2.1), the above equation reduces to
AU„acq, 1
u = ±0.0053. (A.2.5)
A.2.2. Wind Tunnel Velocity Uncertainty
The nominal velocity of the wind tunnel is set using a Pitot-static tube, which is 
installed at the entrance of the wind tunnel. The Pitot-static tube is connected to a 
manometer to show the difference of the static and dynamic pressures in inches of water. 
The resolution of the manometer is 0.001 inches of water. The uncertainty in fixing the 
flow velocity of the wind tunnel, using the Pitot-static tube, mainly comes from the 
following sources:
• Uncertainty introduced due to the resolution of the digital manometer. The 
resolution of the digital manometer is 0.001 in W. So the resolution error can be 
calculated as
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=±M ® i = ±0.0005 in W, (A.2.6)
where Ares is the resolution error of the digital manometer. To calculate the 




where p air (»1.18 kg/ m3) is the density of air, p w(~ 997 kg/m 3 ) is the density of
water, hw is the pressure detected by the manometer in inches of water, g
(»9.8 m !s2) is the gravitational acceleration and Unom is the nominal air flow 
velocity in the wind tunnel. The above equation can be rearranged as
= 2^ .g (0 .0 2S4A .) = 2 0  5 m ^  (A  2 8)
V P a ir
The corresponding propagated error in the flow velocity, A Ures, can be derived as
dU Al 10.2547 A 
A U = h r Ah« = — • (A.2.9)
w 4 k
Substituting Equation (A.2.9), the above correlation reduces to
AUres= ± ^ l .  (A.2.10)
 ̂nom
• The accuracy error of the manometer is reported by the manufacturer. For the 
manometer used in the present work we have
A acu = +0.5 % of full scale (0-1 in W), (A.2.11)
where Aacu is the accuracy error of the digital manometer. In the same way as in
Equations (A.2.7) to (A.2.10), the propagated accuracy error in the velocity, AUacu, can
be calculated as
4  C / „ = ± ^ .  (A.2.12)
^  nom
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• Uncertainty in fixing the wind tunnel velocity may also come from misalignment 
of the Pitot-static tube. The mentioned uncertainty is considered to be negligible 
in the present experiments.
Consequently the uncertainty in the wind tunnel velocity can be calculated as
AUacqa =^AU 2res+AU2acu , (A.2.13)
where A£/aC(?2is the error in the wind tunnel velocity. The corresponding relative 
uncertainty can be calculated as
i ^ , 2 _  j( 0 A 0 5 2 f + ( _L052_f  _  L057_  _ ^  M )
u  V u~.u u™u u«™u
A.2.3. Error from Misalignment of the Hot-Wire Probe during Data Acquisition
Some uncertainty can be introduced by misalignment of the hot-wire probe, during 
the data acquisition process. This uncertainty can be calculated as [Jorgensen, 2002]
A U aca -x 1
-  J g’3 =±-j=r(l-cosAfl), (A.2.15)
where AUacq 3 is the error from misalignment of hot-wire probe and A0 is the angle of
misalignment. Normally a hot-wire probe is positioned with an uncertainty ofA# = ±1° [
Jorgensen, 2002]. So, we have
AUacq’3 =±0.000088. (A.2.16)
U
A.2.4. Uncertainty due to Change in Ambient Temperature during Data Acquisition
As previously mentioned in Chapter 4, performance of a hot-wire anemometry 
system is based on heat transfer between hot-wire sensor and fluid and consequently 
temperature of the air during the experiment drastically affects the measurements. In the 
current experimental setup, a temperature sensor probe is used simultaneously with the 
hot-wire probe to monitor the temperature of the fluid during measurements. The 
variation of the temperature is considered and compensated for in the present work. As a
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result, the change in ambient temperature is not an important source of uncertainty in the 
current experiments ( AC/ 4 » 0 ).
A.2.5. Error Introduced by Variation of Ambient Pressure during Data Acquisition
Ambient pressure changes also affect the density and hence the measurements. 
The relative uncertainty introduced by ambient pressure variation for a Dantec hot-wire 
anemometry system is calculated by Jorgensen [2002] as
^ ^  = +0.006. (A.2.17)
U
where AC/ 5 is the error resulting from change in ambient pressure.
A.2.6. Uncertainty Resulting from the Change in Humidity during Data Acquisition
Under normal conditions, variation of gas composition is mainly a result of 
humidity change. The variation of gas composition introduces some uncertainty during 
the data acquisition process which can be calculated as [Jorgensen, 2002]
- -  acq’6 = ± .APm , (A.2.18)
U V3 U dPwv
where AC/flC<? 6 is the error resulted from changes in ambient humidity, Pm is the partial 
pressure of water vapour in the air, APWV is the change in the water vapour pressure 
calibration process and dU / 8PWV is the partial derivative (sensitivity) of the flow velocity 
with respect to the water vapour pressure. The change in water vapour partial pressure 
can normally be considered as APWV ~ 1 Kpa. The sensitivity of the flow velocity to the 
water vapour pressure can also be estimated as dU / dPwv =0.0IU  per 1 Kpa [Jorgensen, 
2002]. Consequently, the above equation can be reduced to
A U.acqy6
u = ±0.0058. (A.2.19)
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A.2.7. Total Uncertainty of Data Acquisition Process
The total uncertainty which results from the data acquisition process, A Uacq, can
be calculated as the combination of uncertainties mentioned in Sections A.2.1 to A.2.6. 
Thus, we can write
ATJaca « AU aca, ,
•  ( A - 2 - 2 ° )
Substituting the calculated results for uncertainties of data acquisition process, the 
above equation can be written as
AUacq =±100̂ (0 0053)2 +(J.-Q5̂ )2 + (0.000088)2 + 0 2 +(0.006)2 +(0.0058)2 %, (A.2.21) 
which can be simplified to
= + j( 105-7 )2 + 0.9774 %. (A.2.22)
^  V  ^Jtom U
A.3. Data Post-Processing Uncertainty
The calibration process of a hot-wire anemometry system is in fact a set up of the 
system in a flow with known velocity, reading the output voltages and then fitting a curve 
which establishes a correlation between the flow velocity and the output voltage of the 
anemometer. In the present work, we have used a polynomial correlation as mentioned in 
Equation (A.2.3). The uncertainty which comes from data post-processing is mainly due 
to the following sources:
1. Errors of curve fitting. A polynomial curve is fitted based on the calibration 
results to correlate the flow velocity and output voltage of the hot-wire 
anemometry system. The curve fitting introduces some errors which propagate in 
the measurement results.
2. Truncation errors of calculations which introduce some uncertainties in the 
calculated results and parameters, during data reduction process.
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The above uncertainties are mentioned and estimated in Sections A.3.1 and A.3.2. 
The total combined uncertainty is calculated in Section A.3.3.
A.3.1. Curve Fitting Uncertainty
The reference standard velocities which are used for the calibration, Uref, are
determined using a Pitot-static tube and digital manometer. Following the work of 
Yavuzkurt [1984] the curve fitting uncertainty can be calculated as
where AUpost l is the curve fitting uncertainty and
where J  is the number of the measurements during the calibration process. The value of 
the curve fitting error changes from one calibration to another. Based on present 
experiments, the following estimation can be considered a reasonable maximum value,
A.3.2. Uncertainty due to Truncation Error
The truncation error in calculation can also introduce a small uncertainty in the 
results. All of the post-processing calculations for current measurements are carried out 
by means of a code which is developed in MATLAB 5.6.0. The accuracy of 0.0001 is 
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A.3.3. Total Uncertainty of Data Post-Processing
The total uncertainty which results from data post-processing, AUpmt, can be
calculated as the combination of uncertainties mentioned in Sections A.3.1 and A.3.2. So, 
we can write
= ± (± Uro,a 2 + (AUposra 2 _ (A 3 6)
u T u u
Substituting the estimated post-processing errors, the above equation can be 
written as
A U post ,0.00005
u V u
which can be rearranged as
= +100J(0.01)2 + ( ^  y  %, (A.3.7)
v  ±^4 + (—̂ j—) %. (A.3.8)
A.4. Total Uncertainty in the Measured Instantaneous Velocity
The total uncertainty in the measured instantaneous velocity samples is a
combination of errors due to calibration process, data acquisition and post-processing of 
the measured data. The total uncertainty in the instantaneous velocity,At/, can be 
calculated as
A U ^ A U ^ + A U ^ + A U 2̂  . (A.4.1)
The relative uncertainty can be written as
AU l,AUca/ 2 acq ,2 post .2■ = ± + (— ™Ly + (— ^ y . (A.4.2)u v u u u
Substituting Equations (A .I.16), (A.2.22) and (A.3.8) in the above equation, we have
“ U  +(M , .  + 0.3365 + (J5 ”  )! + 0.9774 + 4 + ( ^U V V1 V U„u' u
which can be rearranged as
.  ± 5.31+^  + y y ? +(i m . }> %. (Aa a )V i u u2 u,„,unom
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A.5. Propagation of Uncertainty in Calculated Parameters
The uncertainty in the measured velocity samples is propagated in the calculated 
turbulent flow parameters. The present Section explains and derives these propagated 
uncertainties.
Section A.5.1 describes the propagated error in the mean velocity of the turbulent 
flow. The uncertainty in stream-wise and lateral turbulent rms velocities is explained and 
derived in Sections A.5.2 and A.5.3, respectively. The error in turbulence dissipation rate, 
Kolmogorov length scale and stream-wise integral length scale is derived in Sections 
A.5.4, A.5.5 and A.5.6. Finally, Section A.5.7 and A.5.8 present the calculation of 
uncertainties in the ratio of distorted to undistorted turbulent rms velocities in stream- 
wise and lateral directions.
A.5.1. Mean Velocity Uncertainty
The mean velocity is calculated as the ensemble average of the instantaneous 
velocities in a time interval, which can written as
Umean= ^ U ^ U ,  (A.5.1)
^  ;=1
where N  is the number of the velocity samples collected by the hot-wire at each point. 
Assuming that AU /U  = /?, we have
A U = /3U. (A.5.2)
Considering that AC = AC we have
AC_„ = W  = 0U = (3Umean. (A.5.3)
Consequently the relative uncertainty in the mean velocity can be written as
^ 5 2 2 -  = /? = —  . (A.5.4)
C C ̂mean w
A.5.2. Uncertainty in Steam-Wise Turbulent rms Velocity
The stream-wise fluctuating turbulent flow velocity is defined as the difference 
between the instantaneous velocity and the mean flow velocity which can be written as
u' = U -U mean. (A.5.5)
So, for u’2 we have
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Following Yavuzkurt [1984], using Equation (A.5.6), the uncertainty in m ' 2 can be 
calculated as
A m ' 2 = 2(U -  Umean )AU + 2(Umean -  U)AUmean . (A.5.7)
Substituting Equations (A.5.5) and (A.5.6) in Equation (A.5.7)
A m ' 2 -  i p u 2 -  2(3UmeanU + 2 /3U2mecm -  2f3UmeanU . (A.5.8)
The above equation can be rearranged as
A m ' 2 = 2 /3(U2 +U2mean - 2 UmeanU). (A.5.9)
According to Equation (A.5.6), the above equation can be reduced to
A m ' 2 = 2f5u'2. (A.5.10)
Considering, that A m ' 2 =  A m ' 2 we have
A u * = 2 fid 2 . (A.5.11)
Consequently the relative uncertainty inM'2 can be written as
A m ' 2
m ' 2
— 2/3 . (A.5.12)
The stream-wise root mean square (rms) velocity is defined as the standard 
deviation of the stream-wise fluctuating velocities and can be written as
m = ̂ 72)P5. (A.5.13)
By applying logarithm and then differentiating of the above equation, the relative 
uncertainty associated with the stream-wise root mean square (rms) velocity can be 
calculated as
—  = ̂ L .  (A.5.14)
u  2 m ' 2
where Au is the uncertainty in the stream-wise turbulent root mean square (rms) velocity. 
Substituting Equation (A.5.12) in (A.5.14) we have
—  = /3 = —  . (A.5.15)
M U
104
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A.5.3. Uncertainty in Lateral Turbulent rms Velocity
In the present experiments, normal and inclined single hot-wires probes are used 
to measure the lateral component of turbulent rms velocity. The inclined wires are used at 
two angles of +45° and-45° with respect to the stream-wise direction. All of the 
measurements are carried out three times, one time with the normal single hot-wire probe 
and the other two times using the inclined single hot-wire probe at +45° and-45°. 
Consequently the error in the lateral turbulent rms velocity is the combination of all of 
the uncertainties. So, the uncertainty in the lateral turbulent root mean square (rms) 
velocity, Av, can be calculated as
Av fA m 2 , ,-Aw+45 2 , ,Aw_45 2= J (— r  + ( - ^ ) 2 , (A.5.16)
V V u  “ +45 “ -4 5
where Am+45 and — d ! are relative uncertainties in the measurements of inclined hot-wire
M+45 M-4 S
probes at +45°a n d -45° with respect to the stream-wise direction. Since all of the 
experimental stages (e.g. calibration process and data acquisition) have been the same for 
normal and inclined hot-wire probes, the corresponding uncertainties are the same. Thus, 
the above equation reduces to
3(— )2 =V3 — . (A.5.17)
v V u u
Substituting Equation (A.5.15), the above correlation can be written as
—  = V3 — . (A.5.18)
v U
A.5.4. Uncertainty in Turbulence Dissipation Rate
The turbulence dissipation rate, s , is estimated by applying the Taylor’s frozen 
turbulence hypothesis in which information in the time domain is transferred into space 
domain [Tennekes and Lumley, 1972],
15v
U 2w  mean
du
v St j
For the purpose of uncertainty analysis it can be approximated as
(A.5.19)
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lSv u2 
At U,* * ^ 775— > (A.5.20)mean
where At is the time difference between two consecutive velocity samples. By applying 
logarithm to the above equation we have
15vLns = Ln ( ) + 2Lnu + 2Ln Umean . (A.5.21)
At
The uncertainty in Ln s  can be calculated as
A(Lns)=  p ^ A w ] 2 + [ ^ l f l A U mean]2 , (A.5.22)
V S U  d U  mean
where A(Ln s) is the uncertainty associated with Ln s . Substituting Equation (A.5.21) in 
the above equation, the derivatives o fLns  with respect to u and Umean can be calculated. 
Consequently, the above equation reduces to
As ^ l A u . 2 ,AUmean2= 2 (— y+C— JsssLy , (A.5.23)
e  \  U mecm
where As represents the uncertainty in turbulence dissipation rate, s . Substituting 
Equations (A.5.4) and (A.5.15), the above equation can be written as
—  = 2V2 _ (A.5.24)
s  TJ
A.5.5. Uncertainty in Kolmogorov Length Scale
The Kolmogorov length scale, which represents the smallest length scale of the
turbulent flow, is defined based on viscosity and turbulence energy dissipation rate as
V = (— )025 . (A.5.25)
s
By applying logarithm to the above equation we have
Lnrj = —(Z«v3 -  Ln s ) . (A.5.26)
4
The uncertainty in the Kolmogorov length scale can be calculated by applying derivative 
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where A 77 represents the uncertainty in the Kolmogorov length scale, 77. Substituting 
Equation (A.5.24), uncertainty in the Kolmogorov length scale is calculated from
A ij V2 A U
77 2 U
(A.5.28)
A.5.6. Uncertainty in Integral Length Scale
The integral length scale, A x, which represents the largest scale of the turbulent
flow, is estimated on the basis of the correlation factor. We have
A (A.5.29)
0 «<n
For the purpose of the uncertainty analysis, the integral length scale can be 
approximated as
A x *U mean̂ A t .  (A.5.30)
u
Consequently, the relative uncertainty in the stream-wise integral length scale can 
be calculated as
(-  mean y  +2(==r y  . (A.5.31)
where AA * represents the corresponding uncertainty in the stream-wise integral length 
scale, A x. Substituting Equation (A.5.14) in the above equation reduces it to
AA. LAUmea 2 Au. 2(— ^ ) z + 8(— )2 . (A.5.32)
A. V Umean u
Substituting Equations (A.5.4) and (A.5.15), the above equation can be written as
^ l = 3— . (A.5.33)
A r U
A.5.7. Uncertainty in the Ratio of Distorted to Undistorted Stream-wise Turbulent 
rms Velocities
The propagation of uncertainty in the ratio of distorted to undistorted stream-wise 
turbulent rms velocity, ru, can also be calculated. This parameter is defined as
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where ud and u0 are distorted and undistorted stream-wise turbulent rms velocities, 
respectively. The relative uncertainty in ru can be calculated as the combination of 
relative errors in ud andw0. Thus, we have
Ar„ I,Am 2 A u\2— = j(— yd +(— y0 , (A.5 .35)
ru v u u
where Aru represents the corresponding uncertainty in ru. Substituting Equation (A.5.15) in 
the above equation, it reduces to
Ar„ \.A U .2 A 17 x2—  = (A.5.36)
A.5.8. Uncertainty in the Ratio of Distorted to Undistorted Lateral Turbulent rms 
Velocities
The propagated error in the ratio of distorted to undistorted lateral turbulent rms 
velocity, rv , can also be calculated. This parameter is defined as
rv = ^ - ,  (A.5.37)
where vd and v„ are distorted and undistorted lateral turbulent rms velocities, respectively. 
The relative uncertainty in rv can be calculated as the combination of relative errors in 
vd and v„. Consequently, we have
A l,Av 2 ,Av,2
—  = A (— ) ,+ ( — )„ , (A.5.38)rv V v v
where Arv represents the corresponding uncertainty inrv. Substituting Equation (A.5.15) in 
the above equation, it reduces to
Arv L , A U . 2 , , A t / . 2= 3(— yd +3(— )l . (A.5.39)
K, V U U
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A.6. Calculation and Comparison of Uncertainties for Experimental Results
The above-mentioned correlations are used to approximate the uncertainties for 
different experimental setups. The uncertainty of the measured velocity samples as well 
as the corresponding propagated errors in turbulent flow parameters are presented and 
compared in Table A.6.1. For each Reynolds number, Setup 1 represents the 
measurements of the turbulent flow without presence of the cylinders, while Setup 2 
corresponds to the experiments which are carried out with the cylinders installed in the 
wind tunnel.























Re «12,000 Setup 1 + 6.6 ±6.6 ±6.6 ±11.4 ±18.6 ±4.7 ±19.7
Setup 2 ±3.6 ±3.6 ±3.6 ±6.3 ±10.3 ±2.6 ±10.9
Re «17,000 Setup 1 ±4.2 ±4.2 ±4.2 ±7.3 ±11.9 ±3.0 ±12.7
Setup 2 ±2.9 ±2.9 ±2.9 ±5.0 ±8.2 ±2.0 ±8.7
Re * 22,000 Setup 1 ±3.1 ±3.1 ±3.1 ±5.4 ±8.8 ±2.2 ±9.3
Setup 2 ±2.5 ±2.5 ±2.5 ±4.3 ±7.1 ±1.8 ±7.5
Table A.6.2 shows the propagated uncertainties in the ratios of distorted to 
undistorted turbulence intensities. Again for each Reynolds number, Setup 1 shows the 
measurements without presence of the cylinders and Setup 2 represents the experiments 
which are carried out with the cylinders installed in the wind tunnel. It should be noted 
that the Reynolds number is defined based on the nominal flow velocity at the entrance of 
the wind tunnel and diameter of the perforated plate as the characteristic dimension.
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Table A.6.2: Uncertainties in the ratios of distorted to undistorted turbulence intensities.
r u (=ud !u0) r v ( =  V d / v o )
Experimental Set
(%) (%)
Re »12,000 ±7.5 ±13.0
Re «17,000 ±5.1 ±8.8
Re « 22,000 ±4.0 ±6.9
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APPENDIX B
COMPUTER PROGRAM FOR POST PROCESSING
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APPENDIX B. COMPUTER PROGRAM FOR POST-PROCESSING
A computer program was developed in MATLAB version 6.5.1 to post-process 
the results of the measurements and calculate the parameters which are mentioned in the 
current work. The raw data acquired by the hot-wire anemometry system and A/D bar are 
in the form of output voltages from the anemometer. These raw velocity samples should 
be processed and converted to velocity from voltage. The correlation between the output 
voltage of the anemometer and velocity of the flow is established based on the calibration 
which is carried out before each experiment.
This computer program first converts the raw data to instantaneous velocity 
samples and then calculates various parameters based on the mentioned instantaneous 
velocity samples. The program consists of the following steps:
1. Reading the file which contains the raw data and converting it to an array. The 
raw experimental data is saved as a text file and can be read and transformed to an 
array or a matrix by the computer program.
2. Consideration and calculation of the temperature effect. As was mentioned, the 
flow temperature is measured at each measured point. The program calculates the 
effect of the difference between calibration and data acquisition temperatures in 
the form of a coefficient. The raw data samples are multiplied by this coefficient.
3. Conversion of raw data to instantaneous velocity samples, U. The program 
converts the data from voltage to velocity. The conversion is carried out by the 
correlation which is established through the calibration process for each set of 
measurement.
4. Calculation of the mean velocity, Umean, turbulent rms velocities, u and v, and 
turbulence energy dissipation rate, s , directly from the instantaneous velocity 
samples.
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5. Calculation of the Kolmogorov length scale, tj based on the turbulence dissipation 
rate, s .
6. Calculation of the auto-correlation factor (corresponding to the stream-wise 
turbulent velocity fluctuations). Computation of the auto-correlation factor is 
carried out by means of two simultaneous loops in the program. This part is the 
most time and computational source consuming part when the program is run.
7. Calculation of the stream-wise integral length scale, A „  based on the auto­
correlation factor. The program first calculates the integral time scale and then the 
corresponding length scale.
8. The main part of the program is in the form of two loops which calculate the 
parameters for all of the measurement points (49 or 7 by 7 points).
9. Saving the computed data. After the parameters are calculated for all of the 
measurement points, the program saves the results in the form of text files.
10. Finally, the results can be plotted either by introducing the proper command after 
the program is run or by including the plot functions within the program body.
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APPENDIX C
VALIDITY OF SAMPLING NUMBER AND FREQUENCY
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APPENDIX C. VALIDITY OF SAMPLING NUMBER AND FREQUENCY
In this appendix the validity and reliability of the sampling number and frequency 
used for the current measurements is discussed. Section C.l proves the validity of the 
sampling number used in the present experiment. Section C.2 shows that the sampling 
rate (frequency) used in this work provides reliable results.
C.l. Validity of the Sampling Number
In order to evaluate the reliability and credibility of the measurement results 
which are acquired by the sampling number used in the current work (1,048,576 data 
samples at each point), the parameters at one point are calculated using different 
sampling numbers. In other words, each time a specific portion of the total samples are 
used to post-process the result and consequently the raw data are post-processed at 
different sampling numbers. Figure C.1.1 shows the calculated mean velocities at one 
measurement point using different sampling numbers. As can be seen, at the sampling 
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Figure C.1.1: Mean velocity calculated at different sampling numbers.
Figure C .l.2 presents the values of the stream-wise turbulent rms velocities at one 
measurement point, calculated using different sampling numbers. Here, it appears that the
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results become independent of the sampling number, at the sampling number of about 
500,000. Calculation of the other turbulent flow parameters shows a similar behaviour. 
This behaviour proves that the sampling number used for data acquisition in the current 
experiments (1,048,576 samples) is more than enough and provides reliable results.
0.4
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0.3 U =0.34 m/srms
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Figure C .l.2: Stream-wise turbulent rms velocity calculated at different sampling
numbers.
C.2. Validity of the Sampling Frequency
To prove the reliability of the sampling frequency used in the current work, the 
following simple analysis is presented. In order to achieve credible measurement results, 
the experimental data should be sampled at a frequency which is two times or larger than 
the maximum measured frequency. In other words, the maximum measured frequency 
should be smaller than half of the sampling rate. The sampling frequency used in this 
work is 40,000 Hz. So, we can write,
/max < /«  /  2 => /max < — ^ — = 20,000 ife  , (C .2 .1)
where / maxis the maximum frequency in the turbulent flow and / Sis the sampling 
frequency. The frequency of turbulent flow is due to the turbulence eddy structures and 
the maximum frequency corresponds to the shortest eddy turnover time, Atturh . This 
correlation can be considered as
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It is known that the minimum eddy turnover time corresponds to the smallest
structures of the turbulent flow which are represented by the Kolmogorov length scale,
7 7 . Furthermore, turbulent rms velocity, u, can be considered as the characteristic velocity 
at the small scales of turbulence. In the present work, the typical values of 7 7» 0.2 mm and 
u ~ 0.34 7 7 7 /5  can be considered for the Kolmogorov length scale and turbulent rms 
velocity, respectively. Consequently, turnover time of the smallest eddy structures can be 
calculated as
Atlurb = 1 = 0.00059 s . (C.2.3)
u
According to Equations (C.2.2) and (C.2.3), the maximum frequency of turbulent 
flow can be approximated. As can be seen in Equation (C.2.4), the estimated maximum 
turbulence frequency is much smaller than half of the sampling frequency,
/m ax —  *  1.700 Hz < 20,000 Hz . (C.2.4)
^wrb
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